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. INTRODUCTION

Solid composite propellants are used in the propulsion systems
of many types of Army rcckets and missiles. These composite propellants,
depending on the particular appiication, are composed of various combi-
nations of a rubber-base binder; an oxidizer such as ammonium perchlor-
ate; a fuel such as aiuminum powder; a ballistic modifier such as ferric
oxide or ferrocenes; and an aliphatic or aromatic ester type plasticizer.
The propellant mechanical properties are controlled primarily by the
type of binder system used and by the binder-solids interaction char-
acteristics, The propellant ballistic and rheological properties are
strongly affected by the particle sizea of the solids and the types and
percentages of the ballistic modifier and plasticizer. The propellant
burning rate at fixed pressure is a particularly significant ballistic
parameter and the particle size of the ammonium perchlorate plays a
significant role in rate adjustment and control.

Clearly, both the propellant ingredient percentages and the solid
particle sizes must be carefully controlled during propellant manu-
facture to insure that the finished propellant will have acceptable
performance and reproducible ballistic, mechanical, and rheological
properties, Although uncured composite propellants can be analyzed
by a combination of existing wet-chemical and instrumental methods,
these methods lack the speed and selectivity required for routine
quality control applications in propellant manufacturing. Moreover,
existing instrumental methods are not suitable for controlling the
particle sizes of propellant solids after they are incorporated in the
propellant. Cured propellants are very difficult to analyza by
wet-chemical methods because of the intractable nature of the cured
binder.

X~ray fluorescence spectrometrv has been used by the Army Propul-
slon Directorate of the US Army Missile Reaearch and Development
Command (1] for many years in propellant reaearch applicastions. Early
applications of X-ray fluorescence spectrometry to composite propellant
analysis were also reported by the Thiokol Corporation {[2]. The
in-house research conducted prior to initiation of this project demon-
strated that the X-ray fluorescence method can be advantageously used
as a tool to monitor, contrel, and improve the quality of production
propellanta. X-ray fluorescence spectrometry [3] is especially attrac-
tive for propellant analysia because of ita speed, high degree of pre-
cision, and the fact that aamples can Le analyzed nondestructively
without prior chemical treatment. Furthermore, X-ray fluorescence
spectrometry is the only known technique that is capable of in-situ
propellant-soiids particle size measurements [l]. Because of these
unique features, X-ray ‘luoreegcence analysia of uncured production
propeilanta prior to motor caating enables a deciaion to accept or
relcct tne batch to be made thereby preventing aubsequent costiy motor
rejections. 1if unexpiained propellant problems arise later, the cured

¥
§ propellant can be analyzed by a similar nondestructive procedure.
3
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This project was conducted as part of the U5 Army Materilals Testing
Technology Program. The objective was to develop a rapld, precise, and
accurate X-ray fluorescence method of analysis for general application
to all types of composite propellants used In Army missile systems,
Emphasis was placed on the development of techniques directly applicable
to propellant manufacture. The method was specifically applied to
polybutadiene acrylic acid (PBAA), low burning rate propellants, and
hycroxyl-terminated polybutadiene (HTPB)} high burning rate propellants
because these types afforded the best combinations of variables needed
to develop the required analytical procedures., The develouped proce-
dures can be readily applied with little or no modification to other
types of composite propellants. Three experimental cases were con-
sldered as follows:

a) The determination ol propellant Iingredient percentages with
solids particle sizes held constant.

b) The determination of ammonium perchlorate and aluminum
particle slzes with Iingredient percentages held constant.

c) The simultaneous determination of ingredient percentages
and particle sizes.

Appropriate calibration procedures were developed to handle each of
these experlmental cases. Both cured and uncured propellants were
analyzed.

. EXPERIMENTAL METHODS
A, Instrumentation

A wavelength-dispersive universal vacuum X-ray spec-
trometer marketed by Philips Electronic instruments was used. The
fiat-crystal X-ray optical svatem of the spectrometer is shown in
Figure 1. The spectrometer has four sampie compartments each of which
can be individually rotated above the primary X-ray beam. With the
inverted optical system the bottom surface of the sampie 1: irradiated.
Either a Phiiips FAQ 60/1 (1600 W) chromlum target X-ray tube, or a
Phiiips FAQ 60/1 (1900 W) tungsten target X-ray tube was used depending
uon the analysis requirements., Both X-ray tubes wvere powered by a
3-kVA water-cooled generator. The voltage to the generator was
stabflized with a 5~kVA {ine voltage stabillzer.

Other spectrometer components consisted of a 10.2 cm ~ 0.51 mm
paraifel plate entrance collimator, sodium chloride (200), pentaeryth-
ritof (002}, and ethylenediamine D-tartrate (020) analyzing crystals,
a coarse exit collimator, and a gas-flow proportional detector. The
associated electronlc circuit panel (Type 12206/0) has a decade scaler
and a single channel pulse height analyzer. The X-ray optlcal path
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was flushed with helium for uncured propeilant analysis and evacuated
(< 0.1 worr) for cured propellant analysis. More specific instrumental
operating conditions are given aiong with each experiment descrihed
later.

The cholce of X-ray tube depends on the elements to be analyzed.
A comparison of emission iine Intensities for propeilant elements of
interest in this investigation using tungsten and chromium target X-ray
tuhes is given in Tahle i. The chromium target tube is a better choice
for the anaiysis of sulfur, chlorine, and aluminum; therefore, it is a
more generaliy useful tube for light-element propellant analyses,

TABLE 1. COMPARISON OF litSSION LINE INTENSITIES FOR PROPELLANT
FLEMENTS USING TUNGSTEN AND CHROMIUM TARGET X-RAY TUBES

Intensity (counts/sec)

Emission Ratio
Line Chromium Tube Tungster Tibe (Cr/wW)
FeKq 3418 25,090 0.14
Cqu 5%,990 25,390 2.21
SK} i823 7166 2,38
All\'l 7435 2926 2.5

Sample: Uncured propeilant reference standard.
Chromium tube: 50 kV, 28 mA constant potential,
Tungsten tuhe: 50 kV, 50 mA constant potentiai.

The sodium chloride crystial was selected primarily for the deter-
mination of the low percentiayge of suifur in the PBAA poivmer., Either
the ethyicnediamine D-tartrate (EDDT) or the pentaerythritol (PET)
crystai must be used for the aluminum determination. The reiative
refiectivities of these crystais for several iight elements K' emission

lines are shown in Tahle 2. The PET crystal is a better choice vhen
maximum emission iine Intensity is required. The interpianar d-spacing
of the PET crystai varizs with temperature, however, so that the
emission liae angle most be adjusted to detect the emission line peak
as the crystal temperature varies,

Puise height analysis was used to reduce background and increase
the poak-to-background ratios for aluminum and sulfur determinatiuns.
Pulse height discrimination was less effective for sulfur Ku measure-

men:s, however, because the chiorine KQ fluorescence from the sodium




TABLE 2. COMPARISON OF THE REFLECTTIVIT{ES OF EDDT AND PET CRYSTALS
FOR THE Ka EM{SSION LINES OF SEVERAL LIGHT ELEMENTS

Intensity

. (counts/sec)

Emission Eiement or Ratio Tube*
Line Compound EDDT PET PET/EDDT Setting
AiKu Al 90135 16,975 i.88 40 kv, 30 mA
SIKG Si 31986 7197 i.81 40 kV, 30 mA
PKu NaH2P04‘H20 1024 1673 1.63 40 kV, 30 mA
SKG S 13,537 20,109 1.49 35 kV, 30 mA

*Cr target tube operated at constant potentiail,

chioride crystal was aiso passed by the pulse height analvzer. in both
cases the pulse helght analyzer primarily eliminated scattered short
wavelength radiation from the X-ray tube continuum. Ther¢ was no
problem with spectral llne interference. A typical pulse helght dis-
tribution curve for aiuminum Kq radiation measured with the gas-flow

proportlonal detector is shown {n Figure 2. The effect of increasing
the gas-flow detector gain (voltage) on intensities of the analytical
emission iines is shown in Figure 3. The detector voitage was
operated in the plateau region for each element,

Only peak X-ray intensity measurements were made; that is, no
correction was made for background radiation., The use of X-ray
Intensity measurements only at the peaks of the anaiytical emission
lines s justified because of the calibratlon method used and the fact
that experimentai conditions were chosen to give iarge peak-to-background
ratios. Typical peak-to-background ratios for the analysis of iight
efements in PBAA propellants are given in Table 3. The peak Iinten-
slties were generally kept beiow 25,000 counts/sec because at higher
intensitles the response was nonlinear due to the dead tlme of the
linear ampiifier of the electronic circuit panel.

B, Propeliant Preparatlon

Ali propellants were made In 500-g batches (0.47-1ilter
size) in a vertical double-sigma biade Baker-Perkins type mixer. The
mlxer bowl was heated to a temperature of 55° to 60°C, Then the iiquid
components, except for the binder curing agent, were added and blended
together. The propellant soiids were then added incrementaily. After
the last solids addition, the propellant was mixed for 2 kr. Then the
curing agent was added and mixing was continued for 20 min under vacuyum,
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TARLE 3. PFAK-TO-BACKGROUND RATIOS FOR THE ANALYSIS
OF LIGHT ELEMENTS IN PBAA PROPELLANTS
Uncured Propellant Cured Propellant
Emission
Line Without PHA | With PHA | Without PHA | With PHA
AlKu 6.0 180.1 i5.3 275.5
SKUl 5.9 10.3 5.8 9.6
ClKu 176.5 265.7 290.0 457.4
FeKa 56.0 85.5 47.2 72.0

The resuiting uncured propeilant slurry having a viscosity of 1 to 15
kilopoise was taken frem the mixer and analyzed directly. Cuied
propellant samples were prepared bv vacuum casting the propellant
slurry into an appropriite 2.5- to 5.l-cm diameter container such as
a mailing carton or Teéflon tube and then curing the propellant at

55° to 60°C for sever:l days. This is a generalized procedure. Some
deviations were made tu accommodate specific formulations.

Preduction propellants are made in generally the same manner
except that the batch sizes are much larger, Typical production nixer
sizes are 1135- to 2271-liter capacities,

C. Mylar Film Corrections

Uncured propellant samples are anaiyzed in a circular
aluminum holder fitted with a thin Mylar film. The propellant is
pressed against the film and held in place by gravity. As shown in
Figure 1, the primary X-rays from the X-ray tube pass through the Mylar
film and excite the elements In the propellant surface to fiuoresce,
Tke characteristic X-ray fiuorescence emission lines than pass through
the Mylar film where they are dispersed by the analyzing crystal and
detected by the gas-flow propertional counter. The Mylar film must be
strong enough to support the propellant sample, but thin enough to
transmit a high percentage of the incident fluorescent radiation. The
transmittance for a given film thickness varies significantly with the
waveiength of the fluorescent radiation, becoming smaller as the wave-
iength increases. An experimental determination of the transmittance
of several emission lines of inLerest through two different Mylar fila
thicknesses is shown in Table 4. Aluminum Ku radiation i{s strong)

absorbed even by the 3.8-um film; whereas iron Ku radiation i{s absorb.!

very lictetle, The 3,8-um Mylar film was used for most of this work
because of its higher transmittance.

10
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TABLE 4. TRANSMISSION OF SOFT X-RAYS BY MYLAR FILMS

Transmittance
Fmission
Line Wavelength, A 6.4-ym Mylar 3.8-um Mylar
FeKu 1.94 0.98 0.99
ClKﬂ 4.73 0.76 0.85
SKOl 5.37 0.68 0.79
AlKOl 8.34 : 0.24 0.43

The absorption of the Ka emission lines of chlorine, sulfur, and

aluminum by the film would have little effect on uncured propellant
. anatysis if the film thickness remained constant from sample to sample.
; Unfortunately, the thickness varies sufficiently among Mylar =amples to
introduce significant intensity measurement errors if a correction for
" the film thickress variation is not made for chlorine Ku’ sulfur Ku’

and aluminum K“ intensity measurements. As indicated by the data in
Table 4, no correction need be made for the iron Ku intensity
measurements.

An cmpirical procedure to correct for the effects of variable
Mylar film thickness on the measured intensities of chlorine K“,
sulfur Ku, and aluminum Ku radiations was previously reported by Ailey

and Higgins [4]. The same procedure was used here except that the
accuravy of film thickness corrections was improved by uslig a better
model derived from X-ray absorption theory, and by reanalyzing standard
samples to get a better fit of the experimental data to the model. In
this procedure aluminum Ku correction factors are determined dircotly

by analyzing identical aluminum standards, and the chlorine Ku and
sulfur Ku correction factors are calculated using the aluminum KUI data.

The equations for calculating the chlorine Ka and sulfur Ka correction
factors are as follows:

F log C.. = 0.2078 log C (1)

Cl Al

B

log C. = 0.3189 log C (2)

S

Al

11




CCl’ Cg and CAl are the correction factors for the elements indi-

cated as subseripts. For routine applfications where large numbers of
samples are analyzed, it is ccnvenien: and facilitates the analysis to
have the correction factors tabulated as shown in Table 5.

where

An example of the procedurce for determining Mylar film thickness
correction factors for aluminum Ka' sulfur Ka' and chlorine K& radia-

tions is given in Tabhle 6. Application of the factors to propellant
data will be i{llustrated later, In practice, identical high purity
aluminum standards are sequentially analyzed in the holder that will be
used for the stable reference standard and in cach sample holder. 1in
this example a total of four samples of the same propellant batch will
be analyzed as a replication of duplicates. The aluminum Ka intensity

from each aluminum standard after transmission through the Mylar film
on the holder wis measured in seconds to collect 500,000 total counts.
The aluminum Ka corrvection factor for each sample holder is ohtained

by dividing the sceconds for the reference standard holder by the
seconds for the particular sample holder. The correction factors for
sulfur Ka and chlorine Ka emission lines are rhen calculated using

Equations (1} and (2}, or they are obtained from the tabulated values
in Table 5.

D. Reference Standards

There are several inherent short- and long-term sources
of varlation in X-ray spectrometry that affect the measured intensities
of X-ray fluorescent emission lines., Some of these are as follows:

1}  Fluctuations in the X-ray tube output.

s 2)  Mechanical errors of positioning samples and the
goniometer,

3) Electronic drifc.

To insure the highest possihle analytiecal precision and accuracy, some
type of standard must be employed to compensate for the short- and
long-term sources of varlation., The preferred approach for propellant
analysis (the one used in this work) i{s to analyze a reference standard
in conjunction with the propellants, The reference standard must he
gtable chemically and toward repeated exposure to the primary X-ray
beam. It must be affected hy the sources of variation in eszentially
the same manner as the propellant. Another important advantage of
using » stahle reference standard i{s that calibration rr cedures, which
are somewhat involved, are valid over long periods of t.me.

A substantial amount of offcrt was devoted to the development,

preparation, and evaluation of suitable reference standards for use
with uncured PBAA and HTPB propellants, and cured PBAA propellants.

12




1
4
H TABLE 5. ALUMINUM K,» SULFUR K,» AND CHLORINE Ka
CORRECTINN FACTORS FOR VARIABLE MYLAR THICKNESS
Aluminum K Sulfur K Chlorine K
8] a i
0.900 0.967 0.978
0,905 0.969 0.979
G.910 0.970 0.981
0.915 0,972 0.982
0.920 0.974 0,983
Nn.925 0.975 0.984
0.930 0.977 0.985
0,935 0.979 0.986
0.940 0,980 0.987
0.945 0,982 0.988
0.950 0,984 0.989
0.955 0.985 0.990
0.960 0.987 0.992
0.965 0.989 0.993
? 0.970 0.990 0.994
0.975 0.992 0.995
0.980 0.994 0.99%
0.985 0.995 0.997
0.990 0.997 0,998
0.995 0.998 0.999
1.000 1.000 1.000
1.005 1.002 1.001
1.010 1.003 1.002
. \ 1.015 1.005 1,003
1.020 1.006 1.004
1.025 1.008 1.00%
~1.030 1.009 1.006
1.035 1.011 1.007
1.040 1.013 1.008
1.045 1.014 1,009
1.050 1.016 1.010
1.055 1.017 1.011
1.060 1.019 1.012
1.065 1,020 1.013
1,070 1.022 1.014
1.075 1.023 1.015
1.080 1.025 1.016
1.085 1.026 1.017
1.090 1.028 1.018
1.095 1.029 1.019
1.100 1.031 1,020
13
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TABLE 6. EXAMPLE OF MYLAR FILM THICKNESS CORRECTION PENCEDURE
Mylar Aluminum Aluminum Sulfur Chlorine
Sample Standard Correction | Correction Correction
Holder (sec/500,000 counts) Factor Factor Factor
Reference
Standard 21.66
Sample 1 21.95 0.987 0.996 0.997
Sample 2 22.21 0.975 0.992 0.995
Razference
Standard 21.72
Sample 3 21.47 1.012 1.004 1.002
Sample 4 20.89 1.040 1.013 1.008

The compositions of the standards that were developed and used through-

out the program are shown in Table 7.

It was necessary to develop a

standard for each propellant type and physical state so that analytical
emission line intensities from the standards reasonably approximated

the line intensities of the same elements from the corresponding

In the case of ETPB propellant only the uncurcd propellant

propellants,
was analyzed during this program.

TABLE 7. REFERENCE STANDARD COMPOSiTIONS (WEIGHT %)
PBAA Propellant Uncur~d
High R..te
Ingredient Uncured | Cured | HTPB Propellant
Sodium Chloride 35.0 54.7 55.0
Aluminum Powder 22.0 14,0 20.0
(10 to 35 um)
a=Cellulose 41.0 jo.é6 20.0
lron {I11) Oxide 0.8 0.7
Zinc Sulfide 1.2 0.7 5.0

Sodium chloride was used in place of ammonium perchlorate in the
reference standard because ammonium perchlorate decomposes when exposed

14




to the primary X-ray beam for perlods in excess of approximately
30 min. Zinc sulfide was used in place of PBAA polymer to provide
the sulfur Ku emission, because it was desirable to prepare a solid

standard. a-cellulose is an excellent binding material composed of
light elements, and it is stable toward extended X-ray exposure. Each
standard was made by blending the mixture for 15 min on a SPEX No. 8000
mixer/mill, and then pressing the hlended mixture into a pellet in a
3.18-cm die at a pressure of 207 MPa., 1he pellet was then bonded to

a plexiglas disc of the same diameter to facilitate handling. When

not being used, the standard pellets are stored in a desiccator. The
standards have been found to have excellent long term storage stability.

The ability of the reference standards to compensate for variations
in the intensity of the X-ray tube primary radiation is demonstrated for
the cured PBAA standard in Table 8. This is a very severe test, bocause
the X-ray tube kV -nd mA settings were purposely varied over a very wide
range. In actual practice the variations will be many orders of magni-
tude smaller. The constancy of the X-ray intensity ratio for each
element in Table 8 as the X-ray tube settings were changed shows the
excellent compensating ability of the standard. The other standards
are equally effective.

The stability of the uncured PBAA propellant standard upon
extended X-ray exposure js shown in Table 9. Again, the essentially
constant X-ray intensity ratio for each element demonstrates that the
constituents of the standard are not degraded by the X-ray exposure.

The use of compeunds in the reference standard for stahility
reasons that are not present in the propellant causes an undesirable
experimental! effect as shown in Tahle 10. It 1ls well known that the
exact wavelength and hence reflectlng angle for a given emission line
depends somewhat on the eleetronie environment of the atom. Thus the
peak angles for (hlorine K“ radiation from the stundard and propellant

differ by 0.10° 20. Therefore, for the most precise work the goniometer
should be set to the pcak angle of both the standard and propellant
during quantitative ammonium perchlorate determinatlons. The difference
hetween the peak angles of sulfur Ku radiation from the standard and

propellant was found to he insigniflcant,
E. Spectrometer and Propellant Variables Evaluation

Prior to the development and appllcaticn of calibratlon
procedures for quantitative determinations and the analyses of large
numbers of samples, an extenslve cvaluation of propellant mixing and
spectrometer operatlng varlables was made to establlsh optimum cendi-
tlons., The main variables that were evaluated are showmn ln Table 11.
These are the ones that were considered most llkely to affect the
preclsion and aceuracy of quantitative determinatlons.
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TABLE 9, STABILITY OF UNCURED PBAA PROPELLANT
REFERENCE <TANDARD TOWARD X-RAYS#*

Intensity Ratio
?:xgﬂéizf Iron K, | Chlorine K, Sulfur Ka Aluminum K
0 1.147 1.230 0.858 1.577
1.52 1.149 1.234 0.852 1.578
2.02 1.1449 1.234 0.852 1.567
2.5% 1.146 1,236 0.856 1.569
3.38 1.149 1.238 0.855 1.579
3.97 1.146 1.239 0.858 1.577
4.57 1.145 1.243 0.861 1.587
5.17 1,146 1.243 0.862 1.581
5.67 1.145 1.243 0.867 1.573
6.17 1.148 1.242 0.861 1.581

*Tungsten target: 50 kV, 45 mA.

TABLE 10. EFFECT OF ELEMENT ELECTRONIC ENVIRONMENT ON MEASURED

ANGLES FOR SELECTED EMISSION LINES
Analyzing Emission Gonlometer
Sample Crystal Line Angle (deg 20) { A& 28
Sod{ium Chloride NaCl Chlorine K0 114.05 0.10
Ammonlum Perchlorate 113,95
Porassium Sulfate NaCl Sulfur K0 144.57 0.18
PBAA Polymer 144.75
Aluminum Oxide EDDT Aluminum Ku 142,68 0.09
l Aluminum 122,77
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The significance of the selected variables was determined by
statistical analysis of data obtained from factorial experimental designs.
Although statistical significance between the levels was found for
geveral of the variables, in most cases the difference was of no practical
significance. There was no practical difference, for example, between
the levels of the mixing variabies. Analysis under vacuum has an adverse
effect on uncured propellant results; whereas cured propellant can be
satisfactorily analyzed under vacuum. There is a small effect of sample
temperature on analysis results; it is preferable to allow the sample
to cool to nearly amblent temperature before analysis. The time at
which the sample 1s analyzed after it has been loaded into the sample
holder was not found to affect results significantly; however, it 1is good
anaiytical procedure to analyze the samples as soon as possible after
they are prepared. Rotation of the sample in its own plane had little
effect on the prec!sion of uncured propellant analyses, but did improve
the precision of some cured propellant analyses, particularly 1if the
propellant tended to be inhomogeneous. Whether the propellant had been
draerated before analysis had no effect on results, but the use of
deaerated samples is nevertheless a better choice.

F. Analysis Procedure
i. Uncured Propellant

The sampling components used for the majority of
the uncured propellant analyses are shown in Figure 4¢a). A 3.8-um
Mylar film was piaced on the bottom of each circular aluminum hoider
to support the reference standard and propellant siurry samples. The
Mvlar film was then supported with a metal disc. The propeilant sample
wis pressed against the Mylar surface using a plexiglas backing disc.
Before the samples were loaded, however, the Mylar film thickness
correction factors were established as shown in Table 6., One of the
aluminum sta:dards, machined from a piece of bar stock, is shown in
Figure 4(a). Properly mounted aluminum foil is also suitable for use
as a standard for film thickness correections.

Although the aluminum holders work very well for uncured propetlant
analvsis, they must be cleaned after each analysis., This is time
consuming and therefore not very desirable for rapid, routine quality
control analysis of produetion propellants. Consequently, toward the
end of the program disposable Chemplex No. 1330 {Chemplex industries,
Inc,) plastic sample cups were purchased and evaluated. These sampling
components arc shown in Figure 4(b}. Mylar fiim corrections and sampie
loadings were aecomplished in the same manner us for the a‘uminum holders.
The propellant samples in this case were pressed against the 3.8-um
Mylar surface using the large end of a No. 10 cork stopper. The loaded
sampie ¢ups are supported by the aluminum holders during analysis, and
are subsequently discarded, Results using the disposable sample cups
are comparable to those using the aluminum holders; therefore, they are
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(1) ALUMINUM STANDARD FOR MYLAR CORRECTION

(2) PLEXIGLAS DISC FOR PRESSING PROPELLANT INTO
INTO SAMPLE HOLDER

(3) REFERENCE STANDARD MOUNTED ON PLEXIGLAS DISC

{4) CIRCULAR ALUMINUM SAMPLE HOLDER

(5) UNCURED PROPELLANT AND CONTAINER

(8) PLATE AND METAL DISC TO SUPPURT MYLAR FILM
ON HOLDER DURING SAMPLE LOADING

Figure 4 (a). Components for uncured propellant analysis
by X-ray spectrometry.
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{1) ALUMINUM STANDARD, (2) NO. 10 CORK STOPPER,
{3) CHEMPLEX NO. 1530 DISPOSABLE HOLDER AND
SNAP-ON RING, {4) ASSEMBLED NO. 1530 HOLDER,
{5) NO. 1530 HOLDER LOADED WITH PROPELLANT
SAMPLE, {6) PROPELLANT SURFACE IN HOLDER,
AND (7) CIRCULAR ALUMINUM SAMPLE HOLDER.

Figure 4 (b). Components for uncured propellant
analysis by X-ruv spectrometry,
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recommended for tbe analysis of uncured propeilant. A certain amount of
art, however, is required to instail the Myiar fiim on the cup properly,

Samples were analyzed in a helium environment ecither in duplicate
or triplicate in conjunction with the appropriate reference standards
shown In Tabie 7. Because only peak X-ray intensity mecasurements were
made for each emission line, either a fixed count or fixed time mcasure-
ment technique was appropriate. The fixed count technique was used for
the maijority of measurements in this program so that the counting error
variance component eould be readily separated from the other sources of
cerror. The number of seconds required to collect a preselectea fixed
count for the reference standard, ts’ and slurry samples, Lc’ were

measured in rapid succession at the peak analytical goniometer angle

for each Ingredient. Average X-ray intensity ratios for each propeliant
batch, in this case for a single replication of duplicate samples, were
calculated by

A t
1 s
T E: t 3
c
q=1 q
where R is the X-ray intensity ratio averaged over samples for the ith

i)
ingredient in the jth propellant boteh, An exompie of a typical uncured
propellant analysis illustrating the caiculation procedure and appiica-
tion of the Mylar correction factors is shown in Table 12.

2. Cured Propellant

Cured propellant samples were analyzed in a manner
similar to that described for the uncured samples except that Mylar film
was not used, and as mentioned earlier, the sampies could be analyzed in
ther helium or vacuum, Neither the cured nor uncured samples can be
analyzed In air because it strongly absorbs the long wavelength fluores-
cent emission lines from the propellant light elements, particularly
the aluminum Ku iine,

Seme of the sampic preparation and handiing components for cured
propellant analysis ace shown in Figure 5. The propelfant was inftiaiiy
vured in either wax-coated mailing cartons or Teflon tubing. Afuer
curiag, the container material wias removed and the propeiisnt was sliced
into 0.65-cm thick discs using a guiliotine built espectalily for this
purpose., A microtome blade was used for cuttlng; it resuited in very
smoath propeliant surfaces without puliing large ammonium perchiorate
particies from the binder. After slicing the propellant, discs of
3.18-cm diameter were punched out to flt the circular hoider for
analysis. The surfaces of the propeiiant dlscs were analyzed as
described for the uncured propellant sampies,

22
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(1) METAL PUNCH FOR CUTTING 3.2-cm PROPELLANT
DISC, {2) GUILLOTINE, {3) PROPELLANT SAMPLE,

{4) PLEXIGLAS BACKING DISC, (5) CIRCULAR ALUMINUM
SAMPLE HOLDER, AND (8) MAILING CARTON IN WHICH
PROPELLANT IS CURED.

Figure 5. Components for cured propellant snalysis
by X-ray spectrometry.
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I1l. CALIBRATION METHODOLOGY

A General Considerations

X-ray spectrometry, like many other physical methods, is
not absolute. That is, the concentrations and particle sizes of ingre-
dients 1n unknown vropellant samples must be determined with the aid of
calibration curves or equations which relate elemental emission line
intensities with sizes and concentrations. Although very precise measure-
ments of X-ray emission line intensities can be made by the X-ray fluo-
rescence analysis procedure, accurate elemental determinations are often
difficult to achieve because of sample matrix or interelement effects.
Thus, simple linear calibration procedures that suffice for a number of
other types of spectrometry are generally unsuitable for thez X-ray
spectrometric analysis of complex mixtures such as propeliants. Mitchell
[5] has described the qualitative and quantitative aspects o’ the effects
and the associated problems.

Stated simply, a significant sample matrix e¢ffect means chat the
intensity of characteristic radlaticon from an element in the propellant
depends not only on its concentration and particle size but also on the
concentrations and particle sizes i all other elements in the sample.
The magnitude of these matrix effects can vary markedly depending on the
type #nd relative quantitles of elements in the sample. A suitable cali-
bration procedure must accurately compensate for these matrix effects,
Three main experimental techniques have been used In X-ray spectrometry
to minimize or correct for matrix effects. These are as follows:

1) Addition of one or more internal standards to the sample.
2)  Dilution of the sample with an inert component,

1) Restriction of ingredient calihration concentrations and
particle sizes to narrow ranges coupled with simple linear calibration.

The first two methods are Impractical for the rapid, accurate analysls
of production propellants; the last method has limired possibilities.

The most practical calibratlon approach for propellant analysis
is to use mathematical procedures, based on calibration mixtures, to
compensate for matrix effects and to estimate unknown ingredient per-
centages. Many different theoreticai and empiricai calibration proce-
dures have been develioped in the past for application to the X-ray
fluorescence analysis problem. Conslderable experience in this labora-
tory with mathematical methods indicates that multiple regression
analysis is the best approach to use for propellant applications. The
application of multipie regresslon methods to propellant anaiysis has
been described by Afley and Myers [6]. Wiliiams [7) gives a discussion
of the general problem., Slmpie, and multiple linear regression methods
were considered in this project. <Calibritlon by muitiple llnear
regression anaiysis is the better approach for production propeliant
analysls appllications.
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B, Regression !lethods
1. Simple Linear Regression

The simplest calibration method for X-ray flucres-
cence analysis consists of establishing a relationship for the
regression of X-ray intensity, R, from an element on its percentage,
X, in a sample mixture; namely,

R =a + bX . (4)

As already stated, this model is of very limited use in direct propellant
analysis because of its failure to account for interelement or matrix
effects, When it is applicable, the ingredient percentage in an unknown
sample is estimated by inverting Equation {4):

i=~(5-;—i)- . (5)

Fropellant analysis results using Equation (5) are valid for only a very
narrow region about the calibration compositions used to determine the
intercept, a, and slope, b. If the slope is zero or of negllgible
magnitude and the slopes for both the calibratlon and unknown regression
lines are assumed to be equal, then the following expvession can be
derived:

:;:=‘su (6)

wherc the subscripts u and s refer to the unknown and calibration
propellants, respectively, This expression has potential use in
production propellant analysls as a "go-no-go" test, Because the
production propellant nominal composition is known, izs actual composi-
tion can be verified by comparison against a single nominal calibratlon
compositlon previously analyzed to establish Rs' if Ru agrees with Rs

within an acceptable confidence region for each lngredient, then the
production batch is accepted. On the other hand, if the actual
propellant composition differs slgnlflcantly from nominai, the deter-
mination of X will be inaccurate because of uncompensated matrlx
effects,

2. Multiple Linear Regression

Assumlng that the functlonal relationship batween
the dependent and independent varlables is llnear over the percentage
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ranges oi the caiibration ingredients, the statistical model for the
analyses of four ingredients in a mixture when particle size is held
constant is:

Rij =BiO+B“ xlj+B12 xzj + B, x33+314 xaj +s:ij (7

(1 =1,2,3,4)
(J=12,...,nm)

where Rij is the intensity ratio for the ity ingredient; xkj is the

percentage by weight of the kth ingredient in the jth mixture; the Bik

are the regression coefficients; and Eij is the random error associated
with Rij' The percentage of each Ingredient appears in the modeil no
matter which cne is being determined. This accounts for mutual absorp-
tion and enhancement effects smong the ingredients. The coefficients
indicate the relative amounts of radiation absorption and enhancement
occurring. A negative coefficient indicates absorption; a positive
coefficient indicates enhancement.

Equation (7) can be used to develop a set of working expressions
for estimating the ingredient concentrations. FEquation (7) in matrix
notation is:

R=b+BX (8)
where R represents the vector of intensity ratios, b the vector of
intercept terms, B the matrix of regression coefficients, and X the
vector of unknown ingredient concentrations to be determined by
analysis. The Bik eiement of B i{s the coefficient of Kk in the ith
regression equation. {inverting Equation (8) to solve for g gives:

S |

X=8" R-1n (9)

assuming that B-1 exists., Equation (9) was then used to estimate the
Xk's from X-ray intensity ratios, as calculated from Equation (3), with

particle sizes heid constant. FEstimates of ammonium perchlorate and
aiuminum particlie sizes at constant ingredient concentrations were also
ohtained with Equation (9) by replacing the g with the particle size
vaiu=, E. Fquation (9) gives more accurate analyses than Equation (5),
because it contains terms that correct for matrix effects. Because of
the assumed linear refationship, Fquation (9) is valid only when
propellant ingredient percentages vary over reasonably narrow ranges,
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This is perfectly acceptable for the analysis of production propellants.
The actual relationship between radiation intensities and ingredient
percentages for propellants is curvilinear, but this can be approximated
by a linear relationship over limited concentration regions.

The bi coeffieients in Equation (8) were derived by a least

k
squares analysis which involves minimizing the sums of squares of the
residual errors. For this analysis, the inzredient percentages, Xk,

were chosen as the independent or concomitant variables because they

can be controlled and their measurement error is small in comparison

to that in the R's., From an experimental standpoint it would be

simpler to reverse the role of the X's and R's to estimate the X's
directly. However, because the intensities are not controlled and are
measured with non-negligible error, this latter approach cannot be used
without some danger. The general problem has been discussed by

Berkson [8]. The inverse of the model of Fquation (8) was used in a few
cases during this program, but the pitfalls of using such a model are
fully recognized,

The X-ray fluorescence method can also be used to determine ingre-
dient eoncentrations and particle sizes when both are varied
simultancously [9]. The analysis is restricted, however, to the deter-
mination of a number of parameters equal to the number of X-ray
intensity measurements made. The particie sizes of ammonium perchlorate,
Wz, and aluminum, ”A’ were considered here. They were determined as

the weight percentages of a fine fraction in a bimodal blend of fine
and coarse fractions. As reported carlier, the actual average (weight
mean) particle size in the propellant can be determirned by referring
to an appropriate calibration curve, The main objective in this
project was to determine particle size changes quantitatively that
could affect the propertles of production propellants.

Consider a set of multiple regression equations of the following

F et
)

3
R1j = Z [Bikxkjl + BiS”Zj + Blbwbj + Lij (10)
k=0
(1 =1,2,3,4)

where Xo = 1, Fquation (10) contains both particle size and concentra-

tion terms, and can be written in matrix notation as

R-Blg+a

, ¥ . (11)
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The intensity ratio vector can now be corrected for either particle size
or concentration to solve for one effect in the presence of the other,
cr to give a combined parameter determination equal to the number of
intensity measurements. A complete X-ray analysis will require partial
information about the propellant composition from an external source.
Solving Equation (11) for concentration, X, gives

o _ o1
L=38" (R-B, W , (12)

~

and solving for particle size, W, gives

t=

- s ! (g -
=B, (R-B X . (13)

-

As mentioned, the particle size, W

d,+ 1s expressed as the weight fraction

of fine component i in a bimodal size mixture.
C. Experimental Designs

The selection or preparation uf calibration mixtures for
the least squares estimation of the bik coefficients in Equations (8)

and (10) is critical to insure that the coefficients are accurately
determined [6]). Otherwise, the analyses of unknown propellant composi-
tions might be very inaccurate. In addition, it is desirable to use

as small a number of calibration mixtures as practicable because of the
amount of {abor involved in preparing and analyzing them. The standards,
in any event, must be representative of the type of propellant that will
be analvzed with the resulting callbration equations,

The regression coefficients can be accurately and efficiently
estimated 1f the calibration mixtures are prepared in accordance with
a suitable statistical experimental design. This generafiy eliminates
the problem of confounding of effects and high degrees of correiation
amonyg ingredient percentages which obviously must be avoided. Over the
years this laboratory has evaiuated many different types of experimentai
designs for application to the propellant analysis calibration problem.
Some of these are factorial and fractionai factorial designs [10],
central composite designs [11]), simplex lattice [12] and simplex lattice
designs with reference mixtures [13,14], extreme vertices designs [15],
and rotatable designs [16] recently developed that are especially
applicable to mixture problems similar to the propellant analysis case.

The factorial and fractional factorlal designs and the central
composite design were used during this program, but in some cases
another design might work as well, or better. The appropriate design
must be selected by the experimenter depending on the calibration modei
and the objectives of the experiment.
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IV. DETERMINATION OF INGREDIENT CONCENTRATIONS
WITH PARTICLE SIZE CONSTANT

A. Low Rate PBAA Propellant
1. Experimental

A half fraction cof a 24 factorial was used to prepare
calibration standards for the model represented by Equation (7). The
factors and factor levels are shown in Table 13, and the design data and
defining contrasts are shown in Table 14, With this design, It was
necessary to use the weights of ingredients as factor levels instead
of their percentages. The factor levels were arbitrarily chosen to
result In practical ingredient percentage ranges that were stlll narrow
enough to permit a good fit of the linear model to the data.

TABLE 13. FACTORS AND FACTOR LEVELS FOR CALIBRATION PROPELLANT BATCHES
(CONSTANT PARTICLE SIZE)

Factor Symbol Low Level {(g) | High level (g)
Ferrlc Oxlde A 4.5 5.5
Ammonium Perchlorate B 660.0 700.0
PBAA Polymer C 125.0 145.0
Alumlnum D 150.0 170.0

The treatment combinations in Table 14 for the first eight calibra-
tlon mixtures form the prlnclpal block of the full factorfal. Following
convention, the hlgh level of each factor In the treatment combination
is denoted by the presence of the lower case factor symbol, and the low
level by absence of the symbol. When a speciflc propellant composltion
fs to be analyzed, for example a production propellant, its nomlnal
composltion should be placed at the mldpolnt of the deslgn. This improves
the precision of estimating the propellant ingredient percentage. The
midpoint compositlon (Batch 9) was the one of primary Interest in this
example. In addltion to the principal block and mldpoint, three more
deslgn points represented by Batches 10, 11, and 12 were added to
increase the degrees-of-freedom for estimatlng error.

The actual percentage compositions of the 12 ecalibratlon batches
that were made ln accordance with the design and tested are given In
Table 15. Each batch also contained a blnder component that could net
be analyzed and which is therefore not shown in the table. As a con-
sequence, the ingredient percentages for each batch are independent of
each other, which is a requirement for the model used. As shown in
Tatle 15, the bimodal ammonlum perchlorate blend, and hence its particle
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slze, was held constant for all batches. The particle size of the
aluminum powder was likewise held constant. Polymers cannot normally
be analyzed by X-ray spectrometry. 1t was possible to analyze the
PBAA polvmer here because {c contains a small percentage of sulfur
(approximately 1%Z) In the polymer chain. Heorver, a recalibration for
PBAA polymer must be made I{f the polymer lot i{s changed.

The analytical emission lines and instrumental parameters used are
given in Table lb6. Peak X-ray emission line Intensity measurements
were made by a fixed count technique, and pulse hefght discrimination
was used to increase the peak-to-background ratios for PBAA polymer and
aluminum analyses.

2. Uncured Propellant Results

Four samples of each cailbration propellant hatch
were analyzed, Duplicate samples were analyzed in conjunction with the
uncured propelliant reference standard, and this analysis was repeated.
The individual intensity measurements for the four ingredients from
each of the i2 calibration batches are recorded in Tabie i7 as the
seconds required to collect the fixed counts listed in Table 16. These
raw data were used to calculate the individual intensity ratios shown
in Table 18. The mean X-ray intensity ratios responses, shown In
Table 19, were used aleng with the ingredient percentages in Table 15
to derive the partial regression coefficients for the simple and multiple
linear regression models used. The regression analyses were made by
computer (CRC-6600) using a stepwise muitiple regression program [17].

The regression data obtained by using the simple regression model
of Equation (4) are given in Tabie 20. 1In addition to the least squares
estimates of the coefficlients, the tahie lists the estimated standard
error of theW®efficient, Syb Student's "t" for evaluaring the signifi-
cance of the coefficient; the standard error, Se, for estimating ﬁi;

and the correiation index, R2 The correlation {ndex, which should not

i
be confused with the X-ray intensity ratlo, is the fraction of the total
currected sum of squares among calibration batehes that (s explained by
regression. It measures how well the model fits the cata, and has a
value of one for a perfect flt.

The fit of the simpie linear modei is best for the fervie oxiue
determinatinn, bBecause iron {s reiatively heavy compared to tie ather
elvements anaiyzed, it is not affected as much by matrix effects, Tiwe
simple regression modei is unsuitable for ammonium percuicrate and PBAA
polymer analyses because of significant matrix effects rhat aic no”
compensated for by the modei. The ferric oxide results for the sinple
rcgression model are plotted in Figure 6 to show the scatter cf data
points about the regression iine, Figure 7 compares regression lines
using the models of Equations (4) and (6). Analyses using Equation (6)
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TABLE 17.

X-RAY INTENSITY MEASUREMENTS IN SECONDS

FOR FIXED COUNTS* FOR UNCURED PBAA PROPELLANT
ANALYSES (CONSTANT PARTICLE SIZE)

Ferric Ammonium PBAA
Batch Oxide Perchlorate | Pelymer | Aluminum
17.24 12,31 17.01 24,45
15.22 13.86 20.57 24,84
1 15.27 13.96 20,75 24,79
17.21 12,31 16,91 24,50
15.43 13.45 20.62 24,07
15,38 13.58 20,59 25.16
17.19 12,22 16.99 22,78
18,56 13.73 18.41 22.93
2 18.14 13.81 18.03 22.81
17.17 12,21 17.03 23.05
18.71 13.84 18.34 23.27
18.61 13.70 18.31 23.17
17.43 12.24 17.20 22,71
15.31 15.26 22.02 20.17
3 15.58 15.22 22.27 20,13
17.37 12,23 17.21 22.77
15.55 15.23 22.63 20.26
15,63 15.23 22.84 20.50
17.06 12.32 17.19 24.18
14,72 14.19 18,70 24.63
4 14.68 14.18 18,57 24.80
17.:20 12.32 17.23 24.26
14.78 14,10 18,52 24.137
14,71 14.15 18.46 24.75
17.00 12,36 17.48 23.38
18.30 15.17 19.49 26.83
5 18.09 15.28 19.15 21,02
17.06 12,32 17.19 23.53
17.81 15.61 19,02 21.27
18,16 15.15 19.16 21,20
17.17 12,30 17.27 23.13
19.0 14,85 23.00 21,28
6 18.82 14,90 22.86 21.36
16.98 12.26 17,42 23.49
18.77 14,77 22.81 21.07
18.96 14,58 22,67 21.10
35
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TABLE 17. (Concluded)

Ferric Ammon fum PRAA
Batch Oxlide Perchlorate | Pclymer | Alumlnum
17.13 12.25 17.22 22,81
15.95 14.57 19,82 21.10
7 16.08 14.54 19.88 21.19
17.21 12.28 17.41 22,82
15,98 14.73 20.11 20.96
16,11 14.55 20.15 20.97
16.95 12.13 17.52 22.58
18.09 13.75 21.71 22.12
8 17,67 13,96 21.09 21.97
17.04 12.13 17.67 22.61
17.80 13.80 21.46 21.92
17.55 14.06 21.51 21.83
17.18 12,29 17.32 23.20
16.73 14.62 20.75 21.89
9 16.89 14.58 20.97 22.06
17.15 12.29 17.28 23.34
16.92 14,59 20.67 21.75
16.87 14,52 20.53 22.18
17.50 12.48 17.59 23.05
16.33 15,45 23.82 20.94
10 16.19 15.25 23,72 20.97
17.72 12,46 17.93 23.18
16.49 15.40 24.04 21.14
16.55 15.30 23.98 21.25
17.30 12.27 17.56 23.08
19.19 14,53 20,131 2¥.22
11 19.06 15.80 20.42 21.45
17.32 12.28 17.79 22.97
19.31 14.75 20.75 21.20
19.33 14.93 20.67 21.43
17.15 12.30 17.43 231.93
18.72 13.63 21.81 24.47
12 15.58 13.79 21.44 24.20
17.26 12,34 17.66 24.17
18.18 13.95 21.52 24.13
18.139 13.93 21.69 24.57

*Table 16 contains the fixed counts used.
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TABLE 18, X-RAY INTENSITY RATIOS FOR UNCURED PBAA
PROPELLANT ANALYSES (CONSTANT PARTICLE SIZE)
Ferric Ammonium PBAA
Batch Oxide Perchlorate | Polymer | Aluminum
1.1327 0.8883 0.8269 0.9842
1 1.1290 0.8821 0.8196 0.9864
1.1154 0.9151 0.8199 1.0179
1.1190 0.9065 0.8213 0.9738
0.9262 0.8903 0.9227 0.3934
) 0.9476 0.8846 0.9422 0.9988
0.9177 0.8824 0.9283 0.9905
0.9226 0.8916 0.9301 0.9947
1,1385 0.8019 0.7810 1.1257
3 1.1187 0.8040 0.7723 1.1279
1.1170 0.8030 0.7605 1.1239
1.1113 0.8030 0.7534 1.1108
1.15490 0.8685 0.9191 0.9819
4 1.1621 0.8689 0.9259 0.9751
1.1637 0.8740 0.9302 0.9956
1.1693 0.8708 0.9335 0.9801
0.9290 0.8145 0.8963 1.1223
5 0.9397 0.8089 0.9129 1,1124
0.9579 0.7892 0.9038 1.1063
(.9394 0.8130 0.8969 1.1098
0.9032 0.8280 0.7508 1.0870
6 0.9123 0.8255 0.7555 1..:8
0.9046 0.8299 0.7637 1.1146
0.8956 0.8420 0.7684 1.1132
1.0740 0.8409 0.8690 1.0808
7 1.0653 0.8427 0.8663 1.0766
1.0770 0.8337 0.8657 1,0887
1.0683 0.8441 0.8640 1.0882
0.9370 0.8820 0.8068 1.0207
8 0.,9592 J.8686 0.8306 1.0279
0.9573 0.8792 0.8232 1.0314
0.9709 0.8626 0.8216 1.0358
1.0269 0.8407 0.8348 1.0598
9 1.0172 0.8431 0.8260 1.051h
1,0136 0.8423 0.8358 1.0728
1.0166 0.8464 0.8416 1.0522
37




TABLE 18. (Concluded)

Ferric Ammonium PBAA
Batch Oxide Perchlorate | Polymer | Aluminum
1.0716 0.8080 0.7383 1.1006
10 1.0809 0.8181 0.7415 1.0989
1.0746 0.8089 0.7458 1.0965
1.0707 0.8144 0.7477 1.0909
0.9015 0.8443 0.864° 1.0878
11 0.9077 0.8289 0.8593 1.0758
0.8969 0.8323 0.85°2 i.0837
0.8960 0.8223 0.f008 1.0717
0.9161 0.9024 0.7992 0.9779
12 0.9230 0.8921 0.8128 0.9889
0.9494 0.8847 0.8206 1.0016
0.9386 0.8861 0.8177 (.9836
? TABLE 19. MEAN X-RAY INTENSITY RATIOS FOR Ul CJURED
PBAA PROPELLANT ANALYSZS (CONSTANT PAWIICLY SIZE)
Ferric Anmmonium PBAA
Oxide Perchlorate | Polymer | Aluminum
gatch | % B, Ry R
1 1.1240 0.8980 0.8219 0.9906
j 2 0.9285 0.8872 0.9308 0.9944
3 1.1214 0.8030 0.7668 1.1221
4 1.1635 0.8706 0.9272 0.9832
h 5 0.9415 0.8064 0.9026 1.1127
6 0.903Y9 0.8314 0.7596 1.0994
7 1.0712 0.8404 0.8662 1.0836
8 0.9561 0.8731 0.8206 1.0290
9 1.0186 0.8431 0.8346 1.0591
10 1.0734 0.8124 0.7432 1.0967
11 0.9005 0.8320 0.8606 1.0798
! 12 0 9318 0.8913 0.8126 0.9880
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Figure 6. Simple calibration curve for ferric oxide
concentration in uncured PBAA propellants.
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are often referred to as direct comparison analyses, because the unknown
i{s compared directiy with the known composition (standard) that is being
controlied in practice. The error of the determination becomes greater
as the unknown ferric oxide percentage varies from the 0.57 weight
nominai value. The same reasoning appiies to the determination of the
other ingredients except that the added effects of matrix interactions
must aiso be considered. The ammonium perchiorate data from Table 20
are plotted in Figure 8. The large scatter of data about the regression
line was indicated by the large value of Se and the smail vaiue of

2
R~ in Table 20. The inverted equation coefficients for estimating
ingredient percentages, as well as the reiative and root-mean-square
errors (RMSE) for estimating the ingredient percentages are shown in
Tabie 2i.

TABLE 2i. SIMPLE EQUATIONS FOR ESTIMATING INGREDIENT
CONCENTRATIONS IN UNCURED PBAA PROPELLANTS
{CONSTANT PARTICLE STZE)

X, = d, +d, R

i io it '
Measured Relative

Ingredient Intensity | Coefficient Error

Estimated Ratio Level Coefficient (%) RMSE
ferrlc Oxide, d10 -0,05862
x1 Rl d11 0.54674 1.157 0.00691
Armonium Per- d20 27.31403
SR 1gGats, K R, d, 48.23926 1.234 | 1.07700
gBAA Poiymer, d30 0.21275
% R, dgq 15.71338 2,122 0.34785
Aluminum, i& d!‘0 -1.52741

R, d&& 16,66388 0,922 0.19519

Far more accurate estimates of ingredient percentages can be made
uslng the iinear multiple regression modei of Equation (7) which has
terms to compensate for matrlx effects. The data for the multlple
regression response functlon resultlng from the use of Equatlon (7) are
gliven in Table 22. The standard errors, Se, and the correlation Indices,

Ri. show an {mprovement over the simple response function data in

Table 20 for all ingredlents. The lmprovement was greatest, however,
for the PBAA polymer and ammonlum perchlorate determlnations.
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Figure 8. Simple calibration curve for ammonium perchlorate
concentration in uncured PBAA propellants.
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TABLE 22. MULTIPLE REGRESSION DATA FOR UNCURED PBAA
PROPELLANT ANALYSES (CONSTANT PARTICLE SIZE)
k = § b & X x
Kpm g PRy bR bR R bR,
Coettjcient . o 5 q 2
Tngredlent Laswie] Coelticient b t . R
Ferrie h]” 0. 15411 B}, 007hE 11,4458
fxide
||] 1 1. 857130 (b, anh 20 41,0461
l‘]" -0, 06074 {01592 =0, 04648
' b 0. 00919 001576 0.54412
h] , -1, GOR 32 ,(Hb%h -0, M550
Ammon i um h‘,“ =1.43740 0.0077h (}.96675
Poerchilorate -
||_Jl 0,018132 (LN TR 0, 403061
‘ h‘_' 0,073020 11, 01609 1 B769%
. !
h '3 0.1 5h1 {1,013y 1,6008kn
||”‘ =}, (T Y0 (111 hi 3 =D G0N
FHAN P'olvmer b , -1.516h70) 0.01130 (1, 97944
h” =, 7400 (016G =108
b % O, 2R HRITAR SN 0,857 54
[ by, 0. 80 24 G004 18 5 AR
h Y ~3, (HPIR U IR =1, ] §558
“
Abuminum h,“ 0, K 7TRH [EX 33 IR ih, 96 194
4
b, -0, 18057 O,07 304 E L ETH
4l
b, , RINTITR Y. L0260 -0, i RSt
4 -
b, 3 =03, 00645 IR R -1}, .5 70]
4
|I,{ 000605 00711 LTI
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. The regression equations, in algebraic yYorm, for estimating the
Ri's with all the Xk's present are as follows:

I}

1

0.154 + 1.857 X

0.608 - 0.1326 X

L 0.00074 X2 + 0.00919 x3 - 0.00832 XA
-1.437 + 0.0183 Xl + 0.0302 Xz + 0.0256 X3 - 0.0079 Xa
(14)
1.517 - 0.0743 Xl + 0.0201 X2 + 0.0802 XJ - 0.00328 XA
- / - :
1 0.004%42 Xz 0.00641 X3 + 0,05605 Aa

The corrected sums of squares and cross products obtalned during the
regression analysis are listed in Tables 23(A) and 23(B).

T

TABLE 23(A).

CORRECTED SUMS OF SQUARES AND CROSS PRODUCTS
(ukl) FOR UNCURED PBAA PROPELLANT ANALYSES (CONSTANT

PARTICLE SIZE)

a; = 0.02947 a5 = -0,01256 ajg = -0.04654 a, 0.05013
a5 = -0.01256 dy9 = 15.55322 dyy = -8.00854 Ay, = -7.35425
I - - .‘ = - = a B -
‘ 439 0.0'654 a9 8.00854 34 9.27685 34 1,01920
A 0.05013 A, = =7.35425 a9 = -1.01920 s = 8.17828
- TABLE 23(B). INVERSE OF a, .'s (ckl) FOR UNCURED PBAA
PROPELLANT ANALYSES (CONSTANT PARTICLE SIZE;
1" 34.72988 C19 ™ 1.00642 €13 " 1.13464 Ciy ™ 0.83355
Cop = 1.00642 Cpy ™ 4.29894 €oq = 4.19776 Cag = 4.3822?5
€3 - 1.13464 Cyp = 4,19776 Cqq ™ 4.20892 Cq = 4.29237
\ Chi T 0.833155 Chn ™ 4.38275 Chy = 4,29237 Ty " 4,59324
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The inrverse working equations for estimating ingredient percentages
from measured X-ray intensity ratios are shown in Table 24, 1In algebraic
form they are as follovs:

Xl = =0,1438 + 0.5406 Rl + 0.07935 R2 - 0.0803 R3 + 0.0867 R4

X, = 38,26 - 0,5767 R1 + 42,57 R2 - 13.11 R, + 5,148 R

2 3 4
. (15)
X = 8.902 + 0.6984 R, - 10.48 R, + 15.69 R. - 0,4547 R
3 1 2 3 4
Y = - - 4
X, 7.152 + 1,313 Rl 2,345 R, + 0.5705 R3 + 18.40 R, -

Using Equations (15), the percentages of all four ingredients can be
determined with a relative error of less than 1%Z. This type of accuracy
would provide for excellent control of propellant compositions during

a manufacturing operation., The estimated ingredient percentages for
each propellant batch, using Equations (15), and the absolute (residual)
errors of the estimates are shown in Table 25.

The estimated coefficients in Equations (14) can be tested by
standard statistical methods to ascertain whether they are significantly
different from zero, Those that are not can be omitted from the
equations during the least squares analysis presumably to Improve the
ptecision of estimating the R,,'s, The stepwise multiple regression

i]
computer program readily performs this operation. The resulting
equations, glving the smallest calculated errors of estimation and
containing only statistically significant coefficients, are called the
best set for estimating the R, 's. This best set of regression

1)
e¢quations cannot always be Inverted, however, and even when they can,
there is no assurance that they will produce a better set of working

equations for estimating the xk's than the set of Equations (15). The

best sets of multiple regression data for “his experiment are shown In
Table 26. Comparison of these data with those in Table 22 for the full
model shows that the best sets provide only a slight improvement.

All of the coefficients except that for the analyte in each of the
Equations (14) can be Interpreted as correction factors for the effects
of sample matrix ingredients on the X-ray intenaity ratio. This can be
illustrated by considering the equation for R2 (ammonium perchlorate)

in Table 26. If the ﬁz

ual xa's from the mean i3 over all calibration standarda, the equation

's are adjusted for the departure of the individ-

becomes
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TABLE 24, EQUATIONS FOR ESTIMATING INGREDIENT CONCENTRATIONS
IN UNCURED PBAA PROPELLANTS (CONSTANT PARTICLE SIZE)

h + S SRt d, 4
Bp =i PR R ARk
Mesnred Relat jve
Pageadient Intensity Coctbicicm ey
Istimotand ot io level Con ' e femt (") KRSME
vrric uxide, .\li ll“' =tk 1 1IR1 0,467 0,008
1, 7y vl
Ri ll]l PRI
R‘ ll]-’ O, 07,
{0, CHED 4
H‘ llil { (R
K, d, th, (BH6 T
‘4 14
Armontium Por- ] W 18, '] 96 [ A [EIRE WS |
chilorate, . '
Ri -III PR TLIVE]
R, i, [T
Ki ll,‘i “Li.11in?
K, d,, TR .
* P
PHAN Polvmer, .‘\'1 Vv 0 B.90]0) U_R1 0,848 )
K, iy 1), WM A
I ' R, 'l‘, =10, A8
l f IR .
Rl d " [ 5. 6498,
H,. il " =11, WO hY
Alaminam, X, d, 0 BN TR , ®e , {hinh
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ADJ R2 B Rz - 0.03280 (;(3 - Xj) = -2.157 + 0,03762 Xz + 0.03280 X3

(16)

The regression line represented by Equation (16) and the ammonium per-
chlorate data points for the calihration batches are given Iln Figure 9.
The marked reduction in data scatter about the regression iine for
ammonium perchlorate by zpplying a matrix correctlon for the PBAA polymer
concentration, Xa. is evident by comparing Figures 8 and 9.

Another linear model that might be considered is one that includes
two-factor (first order) interactions such as that shown in Table 27.
This model was fitted to the data to determine whether the resulting

response functlon would give a more precise estimate of the R1 than

Fquations (14). These regression equations cannot be inverted in a
straightforward manner to allow estimation of the ingredient percentages,
A significant two-factor interaction means that nonparallellsm exists
between the regression lines or planes involved. Over the relatively
narrow ingredient concentratiosn ranges that would be used for the
analysis of preduction propellants, the two-factor interactions can
generally be dlsregarded.

3. Analysls of Variance

An analysls of variance [18] for the uncured PBAA
propellant results (Table 28) was made to e¢valuate the various sources
of error, and to permit later resolution of error varlance components,
The total sum of squares for variation among the propellant batches has
been partitioned into the residual sum of squares, (SS )l‘ and the sum

of squares for legresalon. (SSch) The sum of squares for regresslon
were determined as follows:
4
(SSRc_-g,)1 - Z bik 3R {17)
k=1
where LR 1s the corrected sums of cross products of the Rij with xkj
from the raw data. The a5 vere obtained from the corrected sum of

cross products {or the sum of squares when 1 = k) listed in Table 23(A).
The residual sums of squares were calculated from

F ' Z (Rlj Ri ) . (18)
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Figure 9. Adjusted calibration curve for ammonium perchlorate
concentration in uncured PBAA propellant.
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TABLE 27. MULTIPLE REGRESSION DATA WITH CROSS PRODUCTS FOR UNCURED
PBAA PROPELLANT ANALYSES (CONSTANT PARTICLE S17E)
Ri '—'h10+h“.\| + .. +hif'4'\&+hi":\|x3+ A Iw“”.\.s)\!‘
Conet ticiomt g ; ?
Tngredient Levee] Cocflicient “h t T R
Ferrie h“; -0.26654 0. 00606 (.99744
Uxide
h“ 3.13040 0.62807 498415
IJM 0. 0619% 0.0195%0 J.17h41
h” ~(), 07942 0.03908 <2032
hlg =0. 00058 (00013 =4.4610514
, Ammonium P =1.18490 0.00609 | §.97934
Ferchlorate -
bg, 0.01394] 0,00 3% 2.4949859
i. h,,‘ -0.05%] i 0.03742 -1.372%2
h,. =0, 1hYY9 % 10,0313 =1 00
-
h"]O 0.00537 (0, 00248 2. 16532
IPBAA 5] 10 =12.00400 0, 00548 (), 49586
Polymer
b 02 [ TR 0, 03105 5. 150498
s h“ (0. 0KRS7 0.0t124 7.87989
h ST 0, 129h3 A,77212
HA
b -0,807%10 0, 002484 -1 . hHOL}
it
b 19 =0, 009014 0,00187 | -4.Bi8IH
Aluminum |J.“ 1. 07180 M9 1,4%775%6
“
h‘l 1. 341490 .6 3001 2o1249s 2
“
b, 0072114 0, 024522 JLG7KTI
41
h'h =0, RO 0,045712 EUUNE E AR 1
b, 000112 0.00007 | 1611100
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The least squares analysis minimized this expression, he standard
error, (SF)i’ was obtained from the residual sum of squares:

(55.) 1/2
SR TR RS .
(hH)i - [(n -p-1) ] (19)

wvhere n is the number of calihration standards analyzed (12 in this
case), p Is the number of degrees of freedom for regression, and
n-p-11is the numbar of degrees of freedom for residual error. One
degrec of freedom is required for each term in the regression model.
Consequently, it is desirable to analyze a large number of calibration
batches so that there wlll be adequate degrees of freedem remaining
for estimating the residual mean squares and standard errors.

The hest estimate nf experimental error here is considered to be
the interaction between calibration batches, B, and sample pairs, T.
The sampling error was calculated from the 24 dupllcate sample analyses
and represents sample repeatabllity with the instrumental operating
conditions essentially flixed.

The validity of the linearity assumption and the selected model
can be checked by testing tha sipgnificance of the residual mean squares.
The residual errors for both PBAA polymer and aluminum analyses are
significant at the 5% (u = 0.05) significance level. This significance
might be partly due to the faet that the BXT interactlon is an under-
estimate of the true random experlmental error. The variatlon among
batches, B, is significant for all ingredients. This is an expected
result because the compositions were purpesely varied by the
oxperimental design.

4, Cured Propellant Results

X-ray fluorescence spectrometry is of primary
interest for the rapld, accurate analyses of uncured propellants during
their manufacture, At that stage, substandard compositions can either
be corrected or discarded without serious conseguences. Nevertheless,
there are often times when problems arise during production or motor
storage and surveillance that an analysis of the cured propellant is
elther necessary or very desirable. For this reason, techniques were
aiso developed durlng this program for the analysis of cured PBAA
propellants., Similar techniques can also be applied to other types
of cured progellants.

The raw intensity measurements and the indlvldual and average
X-ray intensity ratios for analyses of the 12 callbratlon batches
(Table 15) are recorded in Tables 29, 30, and 31. 1t ls Interestlng
to compare the intensities of analytical emisslon llnes from uncured
and cured propellants having the gsame compositions as shown in Tables
17 and 29. The concentratlons of ferrlc oxide and PBAA polymer are
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TABLE 29,  X-RAY INTENSITY MEASUREMENTS IN SECONDS FOR FIXED
COUNTS* FOR CURED PBAA PROPELLANT ANALYSES (CONSTANT
PARTICLE 314E)

Ferric Ammonium I'BAA
Bateh Oxide Perchlorate Polymer Aluminum
22.25 14.13 16.74 16.€6
19.73 14,39 26.92 15.16
1 20.01 14.31 26.80 15.36
22.13 14.05 19.98 16.57
19.94 14.28 27.00 15.40
20,04 14,26 27.15 15.61
22,67 14.43 21.01 18.76
24.78 14.75 26.13 18.02
R 25,06 14.80 25.92 17.82
0 22,65 14.18 20.86 18.76
24,97 14.73 26.19 17.90
24,68 14,72 26.32 17.84
22.78 14.44 21.08 18.92
20,71 14.91 st 15.83
3 20.61 15,12 31.58 15,57
22,48 14.39 21.21 18.62
20.76 15.02 31.88 15.46
20,15 15.13 31.71 15.21
22,78 14.45 21,89 18.81
~ 19.86 15.21 27.15 16.67
4 19,72 15,57 25,52 16,59
22,86 14,42 21.56 18.77
19.48 15.37 25.42 16.66
19,76 15.19 25.30 16.77
22.71 14.53 20,75 17.07
23.62 15.71 25.23 13.82
5 23.75 15.60 25.50 13.98
22,47 14,49 20.64 17.19
24,03 15.34 25.76 14,4}
213.98 15.47 25,72 14,24
22.56 14,48 20,90 17.04
21.13 15.14 26.78 14.67
7 20,81 15.20 26.85 14,66
| 22,6% 14.43 20.61 17.08
‘ 20,94 15.27 26,56 14.60
20,88 15.17 26.92 14.88




4
4
TABLE 29. (Concluded)
Ferric Ammonium PBAA
Batch Oxide Perchlorate | Polymer Aluminum

22,76 14.44 20.83 17.19
22.41 14,99 28,22 15.33
g 22,28 15,02 28.24 15.35
22.41 14.39 20.92 17.14
22,44 14.92 28.02 15.53
22,58 14.78 28,22 15.42
22.67 14,43 20.59 18.74
21.12 14.78 31.68 16,27
10 21.43 14.79 31.29 16.32
22.53 14.41 20.78 18.92
21,25 14.84 30.61 16. 319
21.03 14.90 30.78 16.35
22,72 14. 44 21.60 18,62
ﬂ 24,89 15.24 28.39 15.85
. 1 25.07 15.21 28.41 15.89
22,79 14,42 21.20 18.79
25.69 15.00 29,03 16. 30
i 25.36 15.14 28.40 16,08
22,95 14.40 21.84 18.82
24,70 14.55 31.68 17.88
12 24,96 14,40 31.53 17.76
22.66 14.35 21.79 18,72
| 24,85 14.51 31.10 17.73
24.81 14,52 31.94 17.80

*Table 16 contains fixed counts used.
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TABLE 30, X-RAY INTENSITY RATIOS FOR CURED PBAA
PROPELLANT ANALYSES (CONSTANT PARTICLE SIZE)
Ferric Ammonlum PBAA.
Batch Oxide Perchlorate Polywer Alumlnum

1.1277 0.9819 0.7373 1.0989
1 1.1119 0.9874 0.7366 1.0846
1.1076 0.9839 0.7400 1.0760
1.1043 0.9853 0.71359 1.0615
0.9148 0.9783 0.8040 1.0411
2 0.9046 0.9750 0.8106 1.0527
0.9071 0.9762 0.7965 1,0480
0.9176 0.9766 0.7926 1.0514
1.1000 0.9685 0.6522 1.1952
3 1.1053 (.9550 0.6675 1,2152
1.0828 0.9580 0.6653 1.2044
1.1158 0.9508 0.6688 1.2241
i 1.1468 0.9503 0.8062 1.1284
4 i.1552 G.9281 0.8578 1,1338
1.1735 0.91382 0.8482 1.1266
1.1569 0.9493 0.8522 1.1193
0.9615 0.9249 0.8224 1.2352
5 0.9562 0.9314 0.8137 1.2210
0.9351 0.9446 0.8012 1.1913
- 0.9370 0.9366 0,.8025 1.2072
’ 1.0681 0.9564 0.7804 1.16i6
7 1.0846 0.9526 0.7784 1.1623
1.0807 0.9450 0.7760 1.1699
1.0838 0.9512 0.7656 1.1478
1.0154 J.9633 0.7381 1.1213
9 1.0215 0.9614 0,7376 1.1199
0.999%6 0.9645 0.7466 1.10357
0.99132 0.9739 0.7413 1.1113
1.0733 0.9760 0.6499 1.1519
10 1.0579 0.9756 (.6580 1.1483
1.0602 0.9710 0.6789 1.1544
\ 1.0713 0.9671 0.6751 1.1572




TABLE 30. (Concluded)

Ferric Ammonium PBAA
Batch Oxide Perchlorate Polymer Aluminum

0.9127 0.9476 0.7607 1.1746

1 0.9063 0.9494 0.7603 1.1718
0.8871 0.9613 0.7303 1.1528
0.8986 0.9524 0.7465 1.1685
0.9291 0.9897 0.6894 1.0526

12 0.9195 1.0000 0.6927 1.0597
0.9119 0.9848 0.7006 1.0558
0.9133 0.9883 0.6822 1.0517

TABLE 31. MEAN X-RAY INTENSITY RATIOS FOR CURED PBAA
PROPELLANT ANALYSES (CONSTANT PARTICLE SIZE)

Ferric Ammonium PBAA
Oxide Perchlorate Polymer Aluminum
Batch R1 RZ RJ R&
1 1.1129 0.9846 0.7364 1.0802
2 0.9110 0.9765 0.8009 1.0483
3 1.1010 0.9581 0.6634 1.2097
4 1.1581 0.9415 0,8411 1.1270
5 0.9474 0.9344 0.8100 1.2137
7 1.0793 0.9513 6.7751 1.1604
9 1.0075 0.9658 U, 7409 1.1140
10 1.0657 0.9724 G.6655 1.1530
11 0.9012 0.9527 0.7494 1.1669
12 0.9184 0.9407 0.6912 L.u550
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higher and the concentrations of ammonium perchlorate and aluminum are
lower in the uncured propellant surface. Thus, the true irgredient
cencentrations in the propellant surface are known only for the cured
samples, This phenomenon with the uncured propellint is due in large
part to the interfacial tension hetween the liquid polymer and the
Mylar film on the sample holder. A practical consequence is that
theoretical calibration procedures which depend on knowing the true
ingredient percentage in the analyzed sample surface are not applicable
to uncured prepellant analysis,

Simple regression equations for cured propellant analysis are
given in Table 32 along with several statistical parameters already
defined. As before, the best fit of the model to the data was found
for ferric oxide, Tf the highest degree of accuracy 1s not required,
a simple calibration of this type is adequate for ferric oxlide deter-
minations. The calibration curve for ferric oxide in Figure 10,
obtained from another experiment, shows that the simple calibration
procedure for ferric oxide can be used over relatively wide concentra-
tion ranges. The simpie inverse equations for estimating Iingredient
concentriations are given in Table 33, Ammonium perchlorate can be
more accurately analyzed in cured propellant by this simple calibra-
tion procedure than i{n uncured propellant.

Multiple regression equations for cured propellant analysis are
shown in Table 34, All ingredients can be analyzed with a high degree
of .prectsion using the model of Equation (7). The corrected sums of
squares and cross products and their inverse, derived during the
regression analysis, are given in Tables 35(A) and 35(B). The analysis
of varlance, similar to that for the uncured propellant analysls, Is
shown in Table 36. Only 10 of the 12 calibration batches were
anilyzed in the cured state hecause of provlems encountered with the
curing of two batches. This accounts for the nine degrees-of=-freedom
among batches,

The inverse working cquations for estimating ingredient percentages
are shown in Table 37 along with the estimated relative and rvot-mean-
square vrrors, The relative errors for all ingredfents are less than
17, The tabulated lngredient percentage errors are in Table 38. The
best sets of muitiple regression cquations for cured propellant analyses
are given in Table 39, These sets of equations result in only a slight
improvement fn the estimation precisfon for the ﬁlj's when compared
with the regression equations in Tabfie 34,

B, High-Rate HTPB Propellant
l. Fxperimental
Most composite propellants contain similar types,

but not necessarily the same, components. Therefore, In general, X-ray
spectometric techniques developed for one propellant type can be
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TABLE 34,

MULTIPLE REGRESSION DATA FOR CURED PBAA
PROPELLANT ANALYSES (CONSTANT PARTICLE SIZE)

RI + ]1“'\: + I)i;‘){-. + |1i + hi.-ﬁx’l
tnered font ('“‘;: \]':::I.Hl Covf i feiont 'qh t Sc l{J
Poerric h]“ 185130 0,01 240 0.990°4
axida
h” P.87300 (U879 % 21,5104
h“ =0 04004 0, 03886 =1.0110%6
}\l ; =0, 02176 0.43593 =0, 60750
i'l-ﬂ -0, U4aHHY 0, 05104 ~1.14204
Ammariom h 0 -0, RT 150 0.00408 § 0,978
Porvhlorat:
L -0 074917 1,02893 | -2.7 b0
v, (TN D.u1278 [ AR
“‘ 0, 0051 (IR I (Y|
b, (LN (0, 01350 0, 953370
FRAS !:"J -0, 7RO (0 e 0, 91855
Polvenee
0 [T I A Y H R Y 0, /415
h!J (b, (H)96 ] 0.00151 [EIN Il A3
hH n.a701y OGNS O I E
h ' -0, 00810 0.06710 =th, | 6 i
Allvuminge hq” [T 3 BT 010N U,
I|_'I O 11875 (b, THHA .ouptn
' . - i hn 1), (LR -1, § M1
- U, Ot} U, eaad 10, e
h . 1, 04158 0,507 LI MY (A
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TABLE 35(A). CORRECTED SUMS OF SQUARES AND CROSS PRODUCTS

(nkl) FOR CURED PBAA PROELLANT ANALYSES (CONSTANT
PARTICLE S17ZE)
ay = 0.025A3 a5 = 0.04647 a3 = -0.11970 314 = (.08083
Ay = 0.04647 Ayy = 14.46875 Ay = -6.,96069 A, = =-7.56897
a3 = -0.11970 agy = ~-6.96009 a3y = 7.85014 ag, = -, 32336
a5 = 0.08083 Ay = -7.56897 a3 = -0.32336 = 7.55875

TABLE 35(B), [INVERSE OF a, . 's (ck]) FOR CURED

PBAA PRUPELLANT ANALYSHSk}CONSTANT PARTICLE

SIZE)
1 7 50.31830 €y = -8.25086 ¢y = -6.92344 €l " -9.09629
o1 = -8.25806 Cop = 9.82710 Chq = L.01271 Cop = 10.31419
€qy = -6.92344 €3 = 9.01271 Cq3 = 8.40297 €34 = 9.45842
€41 " -9.09629 €42 " 10.31419 €43 = 9.45842 Cuh " 10.96234

applied to another type with relatively mlnor modifications, Uf course,
a separate calibration must be performed for each specific propellant
whose vomposition will be monitored and controlled during production,
High rate propellants [19,20]) in contrast tuo low rate propellants,
contain ultrafine ammonium perchlorate having a weight median dlameter
of 1 pym or smaller, and a more effuective ballistic modifier to onhance
buralng rate. Most composite propellants under development also use

a state-of-the~art HTPB binder system. This binder provides {mproved
structural Integrity over earller binders such as the PBAA type.

From an X-ray fluorescence analysis standpoint, the HTPB hinder
cannot be determined hecause it has no detectable vlement and the
determination of ammonium perchPorate and aluminum are complleated hy
the fact that the ultrafine ammonium perchlorate tends to form
agglomerates during propellant mixing {20). These agglomerates, which
can vary in size among propellant hatehes, affeet the precision of the
aluminum determinatinn because the AlKu emission line intensity is
sensitive to the agglomerate size,
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TABLE 37. EQUATIONS FOR ESTIMATING INGREDIENT CONCENTRATIONS
IN CURED PBAA PROPELLANTS (CONSTANT PARTICLE SIZE)

X + + +
\i r]i“ diIHl (I,'J!»vl2 dilR‘S +di.’R.’,
Measured Relat ive
[npredicent Intensity Coctticiznt Errer
Fstimated Rat in Larver 1 Covlticioent 17) RMSE
Perric oxide, X iy -1.53757 0. 450 0,572
R l-.— -
| (I“ 1.257178
K, (IIZ 112002
t 420
R! dl'l L OR42S
R.,‘ ‘!I’.' th, 2Ky 3
Ammonium Per- d 0 JRLY9 1085 ), 180 0.22246
chilorate, X, ’
- K, day 2.50823
K. d,, S1.15054
R'] d.‘” -2 A HES
K, d " 4,872
PEAA Polymer, N; d W h, 05714940 1. 404 0. 22495
A ’
Rl (IH 1. 31468
K., di’ ER I RN
AL thbey
R.'b Lll1 i, libn
b
R[‘ d I [T VRV
Aluminum, .‘(.,. tl,‘(l SRR Y 0. 748 O, 1h7.02
LT
RI d-"l i, i7ul
K, J, TORNRT.K
H] d.,‘i 1. 198494
R, d,, 18, 40K}
. d
66
R R e’ ¥ "ol e e - e SRaa—— ~




€00 zZo'st | 80*0-| Zv-zi | %0c0-\| z6°69 | s000°0-] 06%%°0 A
zZ°0 9¢ 91 | f0°0-| 98°€l | 61°0-| 80°L9 | 1200°0 THEY 'O 1t
60°0- | $§°9T | S0°0 6z°¢1 | z1°0 %9°89 | 0t00°0- | 69€<°0 01
Ze'0- | 69°ST | 91'0-] seer )} <ct0 zv'89 | osoo'o- | 1z6%°0 6
L0°0- | 62°9T | £0°0 g86°¢l | £1°0 Lt7°t9 | €€00°0 £2€5°0 L
L0°0 01*LT | 1%°0 €6'w1 | sz'0-| ¢8°¢9 | £L00°0 785%°0 S
80°0 €v°ST | L00-{ Le'w1 | 60°0-| €%°¢9 | €100°0- | 1195°0 Y
7200 ov-Lt | 1er0-{ 8%°C L0°0 65°t9 | z900°0- | 695570 €
9T1°0- | 09°v1 | oz'0-| 90°%1 | 8Z 0 Z1°69 | €900°0- | €9¢%°0 z
120 vZ'S1 | 0%°0 €6°21 | t£70- | 08769 | ¥010°0 8195°0 1
10124 (%) doaay (%) 1011y (%) 1oaaq (%) yoaeg
y31am ydrom y3ram y3yom
wnuTwnly Jawiiod vvdd ajexoryoraag APIXO OTaad4g
WN fuoumry

SINITQIHONT ¥0d SHO¥YH TVNALISHY NV SNOILVYINIONOD QILVHILSH

(H4Z2IS F1211dVd INVISNOD) SINVIIIdOMd ¥v8d dH¥lD NI

Bt HTAVL

67




sz805°s | tmr05°G SEEY0°0 774
T9L€6°2- | 1950070 8%970°0- g
zetezt | wees0-0 7681170 g
122960 | 00%T10-0 08205 " T 074 mnuymnTy
99¢£8°8 | 85800°0 1852070 ty
c9z91°z | z€900°0 9%£10°0 ity
¢ Jawl1a4
090£6°0 | 0z8T0"0 0659% " T- Oty
628577~ | 66100°C 645000~ teq
£€950°8 | zv100°0 Y9T10°0 iy
sswesz- | wwozoto 09890 °0- Tig
. 231BI0TYD D4
$6L96°0 | %0%00°0 1126270 0%q wnyuowry
0888€°¢- | 1990070 0%220°0- LA
v9sus ¢~ 1 TL%00°0 0.9T0° 0~ Iy
9¢1z9°¢z | 1$80°0 00558° T g
¥9686°0 | SZ11070 0TS8S " T 014 ara1a94
_H a 3 q JUBTOTJI30D 12aa] juaipaidug
¢ 5 5 Juapat)yeo)
Ve ) 1
a4 ExETq & TxlTq 4 Tyllq 4 OFy o Ty

(3Z1Is 31D11¥Vd INVLISNOD) SASATYNY INVITAdOMd
Vvid QIHND 04 VY1VE NOISSTYDTd T1dILTNW 40 S13S 1Saf

"6¢ ITAVL

68

(ot




e

A central composite experlmental deslgn [11] was used to evaluate
applicabllity of the X-ray fluorescence method to bigh-rate propellant
analysis. For this report, however, the design has been broken down
Into three separate experiments conslsting of two factorial designs and
the full central composite design. The compositions of the calibration
batches for the first experiment are showu in Table 40. Each propellant

bateb alse contains HTPB binder. This is a full 23 factorial design
with independent ingredient concentrations. The llquid ballistle
modifier in this case contained sulfur; therefore, it could be deter-
mined in the propellant. The ammonlum perchlorate oxidizer was composed
of a bimodal blend (55/45 by weight) of nominal 0.5- and 90-um sizes.

Experiment -2, as shown in Tabte 41, was also a 23 factorial design.
The ingredient percentages were the same as for Experiment -1 except
that the ammonium perchlorate consisted of a 75/25 by weight bimodal
blend of 0.5 to 90-um ammonium perchlorate.

TABLE 40,  COMPOSITIONS OF CALIBRATION BATCHES (WEIGHT %) FOR
DETERMINING INGREDIENT CORCENTRATIONS IN HIGH RATE HTPB
PROPELLANT (EXPERIMENT -1, PARTICLE SIZE CONSTANT)

Ballistic
35-um Modifier, Ammon Lum
Bateh Aluminum, Xl X2 Perehlorate, Xj*
1 12.80 6.20 70.65
2 12,80 9.80 68,85
3 is.20 6.20 68,85
4 12,80 6.20 712.45
5 15.20 9.80 68.85
6 12,80 9.50 72.45
7 15.20 6.20 72,45
L] 15,20 9.80 70.65

*Bimodal blend of 45% - 0,5«um and 55% - 90-pm
ammoniuvm perchlorute,

NOTE: Remainder of propellant composition Is HTPB binder,
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TABLE 41, COMPOSITiONS OF CALIBRATION BATCHES (WEIGHT %) FOR
DETERMINTNG INGREDIENT CONCENTRATTONS IN HIGH RATE HTPB
PROPELIANT (EXPERIMENT ~2, PARTICLE SIZE CONSTANT)

Ballistic
35-pm Modifier, Ammon ium
Bateh Aluminum, Xl X2 Ferchlorate*, X3
1 12,80 6.20 70.65
2 12.80 9.80 68.85
3 15,20 6.20 68.85
4 12,80 6,20 72.45
5 15.20 9.80 68.85
6 12.80 9.80 72.45
7 15,20 9.80 70.65

*Bimodal blend of 757 - 0.5-um and 257 - 90-ua
ammon fum perchlorate.

NOTE:  Remainder of propeliant composition is HPTB binder,

The analytical emission lines and the instrumental operating
conditions used are piven in Table 42, A fixed time measurement
technique was used.  Pulse height analysis was required only for the
determination of aluminum, Only uncured propellant samples were
amalyzed.  They were prepared and analvzed in tie same manner as
described for the low-ratz PBAA propellant in Section 11,

2. Resules and Discuss!ion

The average X-ray intensity ratios for the three
amilyzed ingredients in each calibration batch are shown in Tables 43
and 44 for Experimenis =1 and -2, respectively,  Hegreesion analyoes
were made using tihese X-ray intensity responses and the composltlon
data In Tables 40 and 41.

The regression data for the multiple linear regresslon model wlth
all components present are shown in Tables 45 and 46 for Experlment -1
and in Table 47 for Experiment -2, The preclsion for estimatlng the
ﬁi's Is less than it is fer low-rate propellant analysis., The correla-

tion Indices for 2luminum and ammonium perchlorate determlnations
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TABLE 42,

INSTRUMENTAL PARAMETERS FOR DETERMINING HIGH RATE

HTPB PROPELLANT INGREDIENT CONCENTRATIONS (PARTICLE SIZE

CONSTANT)
Peak Fixed Pulse

Emission Analyzing Angle Time Height
Ingredien: Line Crystal (deg 20) {sec) | Analysis
Aluminum Aluminum K, PET 145.10 50 Yes
Ballistic Sulfur K1 PET 75.92 50 No
Modifier
Ammonium ChlorIne K PET 60.55 50 No
Perchlorate g

NOTE:

30 mA {constant potential),

TABLE 41,

Chromium target X-ray tube operated at 40 kV and

MEAN X-RAY INTENSITY RATIOS* FOR UNCURED

HIGH RATE HTPB PROPELLANT ANALYSES (EXPFRIMENT -1,
PARTICLE SIZE CONSTANT)

Ballistic
Modifler, Ammon {um
Basch AlumInum, R1 R2 Perchlorate, R3

1 0.288 1.243 0.747
2 0.274 1.936 0.726
3 0.353 1,255 0.715
4 0.264 1.255 0.767
5 0. 366 1.976 0.691
6 0,282 1.974 0.727
7 0.19] 1.093 0,816
8 0.323 1.946 0.716

kEach ratlo is the mean of three sample determinations.

71

bl e e s




TABLE 44. MEAN X-RAY INTENSITY RATIOS* FOR UNCURED HIGH
RATE HTPB PROPELLANT ANALYSES (EXPERIMENT -2, PARTICLE
SIZE CONSTANT)

Ballistic
Modifier, Ammon ium
Bateh Aluminum, R] R2 Perchlorate, R3
i 0.112 1.014 0.843
2 0.096 1,582 0.817
3 0,143 0.989 0.817
4 0.133 1.061 0.797
5 0.132 1.541 0.802
6 0.163 1.696 0.736
7 0,151 1.575 0.780

*Each ratlo is the mean of three sample determlnatlons.

indicate an unacceptable fit of the model to the data, The model itself
is believed to be adequate. The relatively poor flt for these ingre-
divnts ls attributed to the adverse Influence of the ultrafine ammonium
perchlorate agglomeration {n the propellant. This agglomeration problem
was compounded ln these experiments by the propellant processing
procedure used.  Shear stress during mixing was kept high by the con-
trolled addition of the solids In an attempt to hreak up agglomerates.
This was later found to make the agglumerate formation problem worse.

At the present time, with Iimproved proucedures, high-rate propellants

can be processed to give substantially better results than were obtained
in these experiments, However, the ovverall precision for high-rate
propellant analysis hy X-ray spectrometry is stlll less than that for
low-rate propellant analysis, particutarly for the aluminum determlnation.

A model that Iineludes flrst-ogder interaction terms was also con-
sidered in Experiment -1. The regression analysis data are presented
in Table 46, This moudel appears tu be superior to the one that con-
tains only main effect terms {(as in Table 45)., But, the gouvdness-of-fit
might be misleading hecause there Is only one degree-of=-freedom
remaining for estimating the residual error. If all of the degrees-of-
freedom (scven In thls ease) had been used for regression, then the
correlacion index would necessarlly have a value of one. That ls, the
regression planes would have been forced through all of the polnts.
Because of the lack of fit In most cases, the regression equatlons were
not lnverted to obtaln working equations for estimatlng ingredlent
percentages,
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TABLE 46. MULTIPLE REGRESSION DATA WITH CROSS PRODUCTS FOR UNCURED
HIGH-RATE HTPB PROPELLANT ANALYSES (EXPERIMENT -]., PARTICLE SIZE
CONSTANT)
= hi() + hll + + I;i.‘X +hMJ\ .\2 + ... +h“,.\:}.‘(j
Covfficioent q S )
Inpredient Level Covitficient b L Y R™
Aluminem h]” =-h, 54445
h“ 0. 079843 0.G491 3 0.89580
hl" =0,4560) 0.06442 =7.07901
hl'} 0, 10630 0,021 4.97h0HY G, 00465 .949901
l,l . 1, 00705 0.0009 4 7.58065
bI 5 =0.0l202 0,00120 =10,016K7
h”J (. 00511} 0. 00080 6.41250
Ballistic h.,” -11.67977
Moditier -
h"l 1.08567 0.37710 2. 87900
byog. -0.20979 | 0.27254 | -0.7695%4
h,j 0.17951 (. 09087 1,946 39 1), 01ung 0, YY4hh
b ’ 1, Gk O, 10 39 1. 76152
h.,5 =0, 01658 0, 00504 -4,227%)
h"h U, 00547 0,003 4 1. J1H5K
Ammon b um b 1. H045%
)
Ferchlorare
h” =10, 424 W 0,057 =/, IR941
|
hlz 0, THS § 0,04 ] 51 b R4 R
I’H =, 05817 0,00 576 =5, 5007 4 U, 10 00 10.994915
|
by -0.00341 000060 | -5 08383 |
h 45 0, 0042 0,077 H. }i760
LI ~0,00 359 00051 N EETA 4
“Yar
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V. DETERMINATION OF PARTICLE SIZES WITH INGREDIENT
CONCENTRATIONS CONSTANT

A Ceneral Considerations

The X-ray emission line intensities from elements in a
propeltant sample are sensitive not only to the percentages of the
corresponding Ingredients but also to the average particle sizes of the
ingredients. The fact that in-situ particle size measurements of
propellant solid ingredients eould be made by X-ray spectrometry was
recognized and applied on a semiquantitative basis by this command
several vears ago {1]. Normally, particle size or grain effects are
considered to be a disturbing effect in X-ray spectrometric analysis;
samples are treated elther to minimize or eliminate the effects., In
contrast, for propellant analysis, the ability to measure solids particle
sizes In finished propellants is an important feature of the X-ray
fluorescence method. The reason for this is that the solids particle
sizes can have a pronounced influence on propellant ballistic, mechanical,
and rheclogical properties. In fact, during the tailoring of propellant
properties the particle sizes of the solids, particularly ammonium
perchlorate and aluminum, are carefully chosen along with other components
to provide the required propellant properties. Moreover, the particle
sizes, specifically the particle size distribution, of these solids must
be closely controlled during propellant manufacture,

The importance and implications of particle size effects in X-rav
spectrometry, both qualitatively and quantitativeiy, have been well-
reported in the literature [71,22]. These and other published methods,
however, are not diectly appiicable to composite propellant analysis,
Jenkins [23] gives a discussion of particle size effects in X-ray
spectrometry and their origin. The particle size effects in propellunts
arise hecause, as the particle size of a component of a bimodal or multi-
modal blend changes, its concentration in the analyzed propellant surface
also changes relative to the othcr size compunents, As the average
particle size of the component decreasces, its concentration, and hence
its analytical emission line intensity, increases. Conversely, as the
average particle size of the component increases, the analytical emission
line intensity decreases. 1! was reported in earlier work [24! that the
Cll((l emission iine intensity from ammonium perchlorate in propellant is

linearly related to the ammonium perchlorate weight mean diameter., Also,
the CIKu intensity is a livear function of the percentage of a fine

ammonium perchlorate fraction in a bimodal blend of fine and coarse size
fractions.

The effective depth of penetration of the emlsslon llne In the
analyzed propellant surface also plays an important role with respect
to particle size effects, because it determines the volume of propellant
analyzed. The effective depth of penetration for long wavelength
radfation such as ClKu. SKu. and AIKQ is of the order of 50 um or less,
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becoming smaller as the wavelength Increases., 1f the effective depth
of penetration is less than the diameters of the particles belng
measured, then particle size effects are especially pronounced.

Another factor to he considered is particle shielding. For example,
AlK“ radiation may have to pass through ammonium perchlorate particles

before it is measured, <Consequently, as the ammonium perchlorate
particle size decreases, the measured AlKu intensity from aluminum

particles also decrcases, even though the aluminum particle size is
held constant. Furthermore, the magnitude of this effect depends on
the mass absorption coefficlent of the matrix (and matrix particles)
for the measured radiation, Because of 1ts high absorption by ammonium
perchlorate and its small effective penetration depth, All(Ol radiation

is very sensitive to ammonium perchlorate particle size changes. It
can be used to measure ammonium perchlorate welght median sizes down
to at least 1 um. The chlorine K“ radiation, on the other hand, is not

sensitive to ammcnium perchlorate particle size change below a weight
median diameter of approximately 5 um,

The purpose of this experiment was to develop quantitative proce-
dures for determining ammonium perchlorate and aluminum particle size
variations in uncured and cured propellants. These variations can occur
through a weighing error or uncontrolled alteration of the particles
during propellant processing. The percentage of a fine fraction in a
himodal blend of sizes was used herce as a measure of particle size
varlations. The actual weight (volume) mean diameters of the particles,
if desired, can readily be obtaired for a specific propellant formula-
tion by establisning the linear intensity-particle diameter relationship,
This is not required for the analysis and control of production
propellant compositions.

B, Low-Rate PBAA Propellant
1. Experimental

The experimentai design used was a 22 factorial
with two additional des'gn points as shown in Tables 48 and 49. The
two additlonal polnts have the same composition as the midpolnt of
the design shown in Table 15. The low level for cach ingredient was
composed of the larger average partlcle size and consequently the high
level was composed of the smaller average particle slze. Only the
average partlcle slzes of ammonium perchlorate and aluminum were varlied,
with all ingredient percentages held constant. The average particle
size of ammonium perchlorate was varled by changing the ratio of nominal
20- and 200-um particle slze fractions. The average aluminum particle
size was varied by using two different alumlnum powders having nomlnal
slzes of 9- and 32-pm weizht median diameters, The analytical condi-
tions and instrumental parametirs for thls experlment are !listed in
Table 50.
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TABLE 48. FACTORS AND FACTOR LEVELS FOR PBAA
PROPELLANT PARTICLE SIZE CALIBRATION
BATCHES (CONSTANT CONCENTRATIONS)

Factor Symboi Low Level* High Level*
Ammon {um E 207 - 20 1m 60%Z - 20 um
Perchlorate

80% - 200 um 207 - 200 um
Aluminum F 0% - 9 um 100%2 - 9 um
i00% - 32 um 0% - 32 um

*Weight percent on a total ingredient hasis.

2. Uncured Propeilant Resuits

The individual X-ray intensity ratios for anaiyses
of the calibration standards are recorded in Tabie 5i; the average
vilues used in the regression anaiysis are recorded in Table 52,
Despite the fact that oniy ammonium perchlorate and aluminum particle
slzes were varied, ali of the ingredient emission iine intensities were
measured to cvaluate the effects of the particle size variations on ail
inrredient determinations,

The regression equations for estimating the Ri's with the ammonium

perchiorate, HZ' and aluminum, HA' particle size fine fractions as the

Independent variahies are given in Table 530 A good fit of the model
to the data was found for all ingredients., The magnitudes and signs
of the partlal regresston coefficlients indicate the effects of the X
particle size varlations on each esthmited analytical emission line, R{.
A negative coefflcient means that the particular emission line intensity
decreases as the average particle slze deercases.  Conversely, a posi-
tive coefficient means that the intensity increases as the average
particle size decreases (high fine-fraction percentage). TFor example,
as the partfels size of ammonium perchlorate decreases, the C]Ku line

intensity increases; whereas the SKu. AEKa, and FEKq tine intensities

decrease. Likewlse, when the aiuminum particle size decreases, the
AlKu emission line intensity increases, and the emisslon line intensities

from the other elements decrease. This 1s a general phenomenon. The
high correlation Index, Ri, shows that the intensity-particle size

{welght I fine-fraction) relationship is well represented by a linear
model,
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TABLE 51. X-RAY INTENSITY RATIOS FOR UNCURED PBAA
PROPELLANT PARTICLE SIZE ANALYSES (CONSTANT
CONCENTRATIONS)

Ferric Ammonium PBAA
Batch Oxide Terchlorate Polymer Aluminum
1.0368 0.8180 0.8456 1.1829
1 1.0357 0.8199 0.8556 1.1818
1.0379 0.8319 0.8403 1.1533
1.0449 0.8147 0.8675 1.1660
1.0384 0.8182 0.8502 1.1608
2 1.0362 0.8203 0.8429 1.1766
1.0392 0.8251 0.8470 1.1694
1.0419 0.8219 0.8466 1.1517
1.1801 0.5904 0.9676 1.3864
3 1.1576 0.5778 0.9308 1.4256
1.1636 0.5829 0.9370 1.3726
1.1514 0.5895 0.9203 1.3833
0.9260 1.0265 0.7657 0.9754
4 0.9318 1.0023 0.7723 0.9712
0.9386 1.0339 0.7667 0.9775
0.9218 1.0500 0.7475 0.9614
1.1848 0.9516 1.3721 0.7298
5 1.1520 0.9494 1.3181 0.7402
1.1692 0.9673 1.3526 0.7622
1.1749 0.9572 1.3424 0.7563
0.9503 1.3925 1.0069 0.4709
6 0.9615 1.3702 0.9981 0.4562
0.9382 1.4177 0.9928 0.4863
0.9400 1.4047 0.9853 0.4846
31




TABLE 52. MEAN X-RAY INTENSITY RATIOS FOR UNCURED PBAA
PROPELLANT PARTICLE SIZE "ANALYSES (CONSTANT CONCENTRATIONS)

Ferric Ammonium PBAA
Oxide Perchlorate Polymer Aluminum
Batch Rl RZ R3 R4

1 1.0388 0.8211 0,8522 1.1715
2 1.0389 0.8214 0,.8467 1.1646
3 1.1632 0.5851 0.9389 1.3920
4 0.3296 1.0282 0.7630 0.9714
5 1.1702 0.9564 1,3463 0.7471
6 0.9475 1.3963 0.9958 0.4745

The best sets of multiple regrassion data with the first order
interaction w2w4 includad are given in Table 54. These equations, except

for ammonium perchlorate, reduce the error of estimating Ri's when compared

with the equations in Table 53, but they cannot be inverted in a streight-
forward manner for estimating w2 and wl‘. Tables 55 end 56 list equations
for estimating Nz and h‘l‘ from the measured intensitias, Ri' Although the
root-mean-squere errors arasmall, the equations, as pointed out earlier,
must be used with caution beceuse the intensities which ara not controlled
were used as the independent variables for the leest squares anelysis. The
particle siza estimates in weight fractions for the individual celibra-
tion batches, using the best sets of equations, are given in Table 57.
A truer test of the velidity of the estimation equations would be to
analyze propellants not included in the calibration. It should be
mentioned that the equations in Table 53 can be inverted to give
adequate working equations for astimatirg particle sizes.

The various intensity-particle slze relationships are shown
graphically as two-way plots in Flgures 11 through 16. In practice,
the In-situ measurement of ammonium perchlorate particle slze Is of
primary interest. As lllustrated in Figures 11 and 12, both ClKu and

:‘\IKu intensities are very sensitive to ammonium perchlorate particle
size changes. The AIKu radiation is actually more sensitive to the
ammonium perchlorate size change than the ClKOl radiation in most

applications. Therefore, the Aqu line is the one of choice for
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TABLE 55.

EQUATIONS FOR ESTIMATING AMMONIUM
PERCHLORATE SIZE FRACTIONS (wz) IN UNCURED

PBAA PROPELLANTS (CONSTANT CONCENTRATIONS)

W, 1072 = dyo ¥ dy Ry + dy R, + dy R+ dy R,
Intensity Coefficient
Ratios Level Coefficient RMSE
d20 -2,46759 0.03464
R, d22 1.82788
R, d26 1.17431
d20 1.73962 0.00516
R1 d21 -1.31374
R2 d22 0.15815
R3 d23 -0.11565
d20 1.46859 0.00538
R1 d21 -1.41677
R, d22 0.28957
R, dza 0.14740
d20 5.19576 G. 006673
R, d22 -1 51767
R3 d23 -1.59034
R, dza -1.87968
d20 2.06579 0.00497
R1 d21 -1.18976
R3 d23 ~0.25482
R4 d24 -0,17739
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TABLE 56, FEQUATIONS FOR ESTIMATING ALUMINUM SIZE FRACTIONS
(WA) IN UNCURED PRAA PROPELLANTS (CONSTANT CONCENTRATIONS)

-2

W, x 1077 =d, + d Ry + 4 Ry + d Ry +d, Ry
Intensity Coefficient
Ratios Level Coefficient RMSE
d&O -5.48833 0.10630
R2 dt.2 2.80821
RA daa 3.57703
dAO 7.32703 0.00550
R1 d¢1 -4.00174
R2 d42 -2,27786
R3 d43 -0.35226
dao 6.50145 0.00561
Rl d41 -4,31555
R2 d42 -1.87756
R, dhh 0.44900
d¢0 17,85463 0.02107
R2 d{‘2 -7.38253
R3 d43 -4,84428
RQ db& -5.72560
d40 2.6292} 0.1020
R1 d“,‘1 =5.78744
R3 d&3 1.65222
R, dha 2.55495
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Figure 11. Chlorine Ku intensity as a function of ammonium perchlorate

particle size fractions for constant aluminum particle size (uncured
PBAA propellant). 88
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Figure 13. Aluminum Ku intensity as a function of aluminum particle

size fractions for constont ammonium perchlorate particle size
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ammonium perchlorate particle size measurements when the aluminum
particle size is held constant. Filgure 172 shows that, because of a
significant interaction between aluminum and ammonium perchlorate
particle sizes, the AlKa intensity measurcment becomes more sensitive

to ammonium perchlorate size changes as the particle size of the aluminum
powder itself decreases. There also appears to be significant inter-
actions in Figures 13 and 16. Notice that the FeKu and SKOl line inten-

sities in Figures 15 and 16 are affected less by the particle size changes
than the AlKa and ClKa lines, The aluminum particle size change has

little effect, in particular, on the FeKu emission line intensity, as
shown in Figure 15 because of the large penetration depth of FeKrx

radiation relative to the aluminum particle size, and the small absorp-
tion coefficient of aluminum for FeKa radiation,

3. Cured Propellant Results

The cured propellant results are similar to those
for uncured propellant, except that the magnitudes of the relative
particle size effects are different because the compositions of the
analyzed surfaces of cured and uncured propellants are entirely different,
as has already been explained. The composition of the cured propellant
surface accurately represents the composition of the bulk of the
propellant.

. Individual and average X~ray intensity ratic measurements for the
cured propellant analyses are recorded in Tables 58 and 59, respectively.

The multiple regression equatlons for estimating Ri with Hz and H& as

independent variables are shown in Table 60, Except for ammonium per-

chlorate, the standard errors, Se, for estimating Ri are smaller than

those for uncured propellant analysis (Table 53). The signs of the
partial regression coefficients are the same in each case. The magnitude
of the particle size effects on emission line intensities, however, is
significantly smaller for cured propellant analysis. Thus, the measure~
ments are less sensitive to ammonium perchlorate and aluminum particle
size changes when analyzing cured propellants.

The best sets of multipie regression data including the quh inter-
action term are givea in Tabie 61. The equations for estimating Hz and
N& are given in Tables 62 and 63, and the resulting particle size esti-

mates using these equations sre given in Table 64. As for uncured
propellant, the least squares analysis was made using the uz and HA

as the dependent variables and the measured intensity ratios as the
independent variables.
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TABLE 58. X-RAY INTENSITY RATIOS FOR CURED PBAA PROPELLANT
PARTICLE STZE ANALYSES (CONSTANT CONCENTRATIONS)
Ferric Ammon ium PBAA
Batch Oxide Perchlorate Folymer Aluminum
1.0055 0.9586 0.7308 1.1955
1 1.0062 0.9624 0.7310 1.1654
1.0138 0.9586 0.7238 1.1793
1.0055 0.9623 0.7162 1.1520
1. 0007 0.9694 0.7119 1.1700
5 1.0068 0.9612 0.7191 1.1851
1.0117 0.9667 0.7114 1.1704
0.9986 0.9711 0.7104 1.1584
1.90330 0.9504 0.7284 1.2553
3 1.03:3 0.9556 0.7158 1.2277
1.03:9 0.9577 0.7115 1.2274
1.0358 0.9567 0.7236 1.2227
0.9728 0.9793 0.6994 1.1015
4 0.9760 0.9760 0.7065 1.111¢
0.9824 0.9770 0.7013 1.0899
0.9760 J.9765 0.6992 1.0998
1.0366 1.0460 0.9621 1.0817
5 1.0438 1.0325 0.9811 1.0948
1.0554 1.0325 0.9938 1.0856
1.0488 1.0417 0.9806 1.0827
0.9850 1.0869 0.8863 1.02565
6 0.9748 1.0944 0.8769 0.9976
0.9831 1.0903 0.8752 1.0250
0.9761 1.0916 0.8794 1.0038
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TABLE 59.

MEAN X-RAY INTENSITY RATIOS FOR CURED PBAA
PROPELLANT PARTICLE SIZE ANALYSES (CONSTANT

CONCENTRATIONS)
Ferric Ammonium PBAA
Oxide Perchlorate Polymer Aluminum
Batch Rl R2 R3 R4
1 1.0078 0.9605 0.7254 1.1730
2 1.0044 0.9676 0.7132 1.1710
3 1.0348 0.9551 0.7198 1.2333
4 0.9768 0.9772 0.7016 1.1006
5 1.0462 1.0382 0.9794 1.0862
6 0.9798 1.0908 0.8794 1.0132

The Intenslty-particle slze (weight percent flne-fraction) results
for cured propellant analysis are shown graphically in Figures 17 through
22, The data can be interpreted in the same manner as was done for the
uncure¢ propellants. The most evident dlfference between uncured and
cured propellant results, when the graphs are compared to the same
scale, is the lower sensltivity attainable with cured propellant analysls.
Small particle size changes can be detected with a hlgher degree of
precision and accuracy when analyzing uncured propellants.

C. Hlgh-Rate HTPB Propellant Results

The low-rate PBAA propellant experiments were not
repeated wlth high-rate propellants, because the princivles involved and
the qualitative intensity-partlcle slze relationships for the two types
of propellants are very similar. Consequently the experimental »nd
regression procvdures described for the low-rate propellant can be
applied equally well to the high-rate propellant. The major differ-
ence hetween the two types of propellants from a particle slze analysis
standpolnt 18 the ultraflne ammonium perchlorate used 1n the hlgh-rate
propellant. Thls ultraflne ammonium perchlorate normally has a welght
median diameter of 0.5 to 1 pm.

It has been demonstrated that when ultrafine ammonium perchlorate
is processed In composite propellants of the type deacribed here 1t forms
agglomerates in the prope’lant [20]. Normally, the welght mean
dlameter of the agglomerates is in the range of 5 to 10 pym., The
agglomerates can affect propellant properties and the precislon and
accuracy of propellant spectrometrlc analyses, The X-ray spectrometric
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TABLE 62, EQUATIONS FOR ESTIMATING AMMONIUM PERCHLURATE SIZE
FRACTTONS (Wz) IN CURED PBAA PROPELLANTS (CONSTANT

CONCENTRATIONS)
W, x 1072 = dyg + dy Ry + dyoRy + dyaRy +dy R,
Intensity Coefficient
Ratios Level Coefficient RMSE
d20 16,.52225 0.13675
R, dyy -8.32892
R, d,, -6.91237
4y 7.95476 0.00430
R, dyy -7.29558
| R2 d22 =0.61157
| R, dyy 0.52355
d20 7.10588 0.00544
Ry dyy =5.61735
. 3 R2 d22 =0,34525
R, d,, -0.61735
d20 4.26451 0.01507
R, dyy 0.54618
Ry d23 -1.75242
R, d24 -2.68393
dyg 6.00542 0.00877
R, d21 =3.44175
Ry d23 -0.67871
R, dyy =1.41777
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TABLE 63, EQUATIONS FOR ESTIMATING ALUMINUM SIZE FRACTIONS
(WA) IN CURED PBAA PROPELLANTS (CONSTANT CONCENTRATIONS)
ﬁa x 1072 = dyo * duqRy + d Ry + d Ry +d, R,
Intensity Coefficient
Ratios Level Coefficlent RMSE
d[‘0 25.85048 0.19339
R2 d42 -17.88178
R, d&& -6.49235
d&O 9.47954 0.00392
R1 d!‘1 -1.55671
R2 d&2 ~5,70588
B R3 d&3 -1.96760
d&0 12,66980 0.01208
Rl d&l ~-7.86383
R, d&2 -6.70677
RA dis 2.32029
|’ d&0 8.69213 0.00558
R2 d42 ~5.45885
R3 t'l!‘3 -«2.45324
| R, a4 -0.57269
d&0 -8.70761 0.07225
Rl 0:!1‘1 34.39916
R3 d"3 -13,18458
] R, dh& ~13,22761
{
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Figure 17. Chlorine Ka intensity as a function of ammonium perchlor-

ata particla aize frections for constant aluminum particla siza
(cured PBAA propellant).
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technique described here is the only known one for detecting and measuring
ultrafine ammonium perchlorate agglomeration in high-rate propellants.
Accordingly, it is a very valuable tool for monlitoring and controlling

the compositions of these propellants in a manufacturing situation,

The influvence of ultrafine ammonium perchlorate agglomeration on
X-ray spectrometric particle size measurements is illustrated in
Figure 23. For this example the recommended AlKa radiation as well as

C1Ka radiation were used to detect the ammonium perchlorate particle size

change quantitatively. The propellant contained a bimodal blend of
nominal 1- and 70-um ammonium perchlorate. The ratio of this blend was
purpusely varied, but all ingredient percentages were held constant,
The plot for ClKa radiation is liuear whereas that for AlKu radiation

is curvilinear. The curvilinear relationship is caused by the influence
of increasing ultrafine ammonium perchlorate agglomeration, as the
ultrafine ammonium perchlorate percentage is increased, on the AlKa

intensity. The Alka radiation with its short effective penetration depth

and high sensitivity for small ultrafine ammonium perchlorate particles
detects the agglomeration effect as a departure frca linearity. The
ClKu radiation, on the other hand, is inscnsitive to the ultrafine

ammonium perchlorate agglomerates, but is sensitive to the large change
in weight mean diameter of the ammonium perchlorate resulting from
varying the bimodal blend ratio. Consequently, the relationship using
ClKu radiation is linear. The relationship with AlKa radiation would

also be linear if the percentage of ultrafine ammonium perchlorate
agglomeration remained constant as the total ultrafine ammonium per-
chlorate percentage Increased, In any event the All(Cl intensity will

increase as the ultrafine ammonium perchlorste agglomerate size increases.
Thrs, the X-rsy fluorescence method will readily detect an abnormal
ultrafine ammonium perchlorate agglomeration condition in high rate
propellants, and thereby prevent substandard propellant from being used.

Ultrafine ammonium perchlorate agglomerstion affects the precision
of X-rsy spectrometric analyses of high rste propellants alluded to in
Section 1V.B., The All(u intensity measurement precision is strongly

affected because of its sensitivity to the agglomeration and the fact
that the agglomeration creates a locally inhonecgeneous condition in the
analyzed propellant surface. The Cll(u measurement precision is normally

not affected, as Indicated in Figure 23, unless the agglomerstion condi-
tion is very severe. This was the case for the data in Tsbles 46, 47,
and 48. High-rate propellsnt processing procedures hsve now been
improved to the point where Cll(u intenaity messurements can be made with

a high degree of precision, but the ulrrsfine ammonium perchlorate
agglomeration and its influence on Aqu intensity mcasurements still
persists.
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VI.  SIMULTANEQUS DETERMINATION OF INGREDIENT
CONCENTRATIONS AND PARTICLE SIZES

A, Low Rate PBAA Propellant
1. Experimental

It would be desirable in the X-ray spectrometric
analysis of propellants to be able to determine nat only ingredient
percentages and particle size variations but also a simultaneous
variation of these parameters, Such a simultaneous variation might be
expected to occur during an actual propellant manufacturing situation.
This part of the project was done, therefore, to demonstrate the
methodology required. No attempt was made to analyze unknown propellants
in which ingredient percentages and particle sizes were simultaneously
varied, but extension of the principles to this application will be
apparent. The primary limitation in this case is the total number of
variables that can be determined. As explained earlier, the total
number is equal to the number of different ingredients (emission lines)
that can be determined. Consequently, it is often necessary to have
separate and independent information about the propellant composition
i to supplement the X-ray fluorescence analysis and provide a complete

! determination.

A 1/8 fraction of a 26 factorial design was chosen for the prepar-
ation of calibration batches required for the multiple regression
analysis, The factors and factor levels are given in Table 65, and
the design data and defining coriracts are given in Table 66. The
particle size of ammonium perchlorate was varied by changing the ratio
of a bimoda?! blend of nominal 20- and 200-um size fractions; whereas
! the particle size of aluminum was varied by changing the blend ratio
of nominal 9- and 32-ym sizes. The actual compositions of the
resulting nine calibration batches, including the midpoint of the
design, are shown in Table 67, The instrumental parameters for t“is
determinstion are recorded in Tabie 68,

2. Uncured Propellant Results

Four replicate samples of each calibration batch
were analyzed. The individual X-ray intensity ratios for each of the
four ingredients are listed in Table 6%3. The mean intensity ratios
used in the regression analysis are listed in Table 70.

Multiple regression data for uncured propellant analysis with
terms for all ingredient concentrations and particle sizes present
are shown in Table 71. The relatively small standard errors and large
correlation indices indicate thst the model is a good estimate of the
true relationship. The best sets of multiple regression equations are
shown in Table 72, Except for the ferric oxide determination, the
particle size variables, W, and Ha, are in all sets. The aluminum

particle size as previously shown, has very little effect on iron
radiation: hence, this vsriable is not in the best set for ferric oxide,
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TABLE 65. FACTORS AND FACTOR LEVELS FOR CALIBRATION BATCHES
(VARTABLE CONCENTRATIONS AND PARTICLE SIZES)

Factor Symbol Low Level (g) High Level (g)
Ferric Oxide A 4.5 5.5
Ammonium Perchlorate B 660,0 700.0
PBAA Polymer C 125.0 145.0
Aluminum D 150.0 170.0
Ammonlum Perchlorate E *30,0% - 20 um 40.0% - 20 um
Particle Slze 70,07 = 200 ym | 60.0% - 200 um
Aluminum F *80%Z - 9 um 1007 - 9.um
Particle Size 207 - 32 um 0% - 32 um

*Weight percent on a total ingredient basis,

An analysis of variance for these results is glven in Table 73.
Thls analysis is slmllar to that given in Section IV.A, and can be
interpreted in the same manner. The residual errors in this experiment
are signlflcant at the 5% signlficance level for ferric oxide, ammonium
perchlorate, and PBAA poiymer determlnations,

3. Cured Propeilant Results

Individual X-ray intensity ratios for cured

propellant determinations are recorded in Tabie 74; the mean vaiues

are recorded in Table 75, The multiple regression equations wlth ail
independent variables present in the model are shown in Tabie 76. The
results compare favorably with those for uncured propellant analysls,
The best sets of multiple regression equations for cured propeilant
analvsls are shown in Table 77. Terms for aluminum and ammonium
perchiorate particle size effects are present in all sets. Like uncured
propeliant analyses, the best sets of equations provide only a small
improvement in the estimation of intensity ratios when compared with

the complete linear model.

An analysis of variance for the cured propeilant resylus is given

in Table 78. The residuyal errors for ferric oxide and ammonium per-
chiorate determinations are significant at the 5 significance level.
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TABLE 69, X-RAY INTENSITY RATIOS FOR UNCURED PBAA
PROPELLANT ANALYSES (VARTABLE CONCENTRATIONS
AND PARTICLE SIZES)

>

Ferric Ammonium P8AA

8artch Oxide Perchlorate Polymer Aluminum

1.1327 0.8883 0.8269 0.9842

1 1.1290 0.8821 0.8196 0.9864

1.1154 0.9151 0.8199 1.0179

1.1190 0.9065 0.8213 0.9738

0.9290 0.8145 0.8968 1.1223

2 0.9397 0.8089 0.9129 1.1124

0.9579 0.7892 0.9038 1.1063

0.9394 0.8130 0.8969 1.1098

| 0.9889 0.8171 0.9297 1.0089
3 0.9959 0.8061 0.9418 1.0110

1.0141 0.8181 0.9305 1,0098

1.0188 0.8125 0.9454 1.0211

1.1629 0.9154 0.9831 0.8972

7 1.1684 0.9196 0.9930 0.8840

1.1696 0.9156 0.9852 0.8995

1.1503 0.9106 0.9822 0.9006

0.9194 0.8871 0.8111 0.9854

. 0.9194 0.8818 0,8052 0.9805

' o 0.9232 0.8871 0.8122 0.9788
0.9094 0.8818 0.7903 0.9825

1.1560 0.7746 1.0092 1.0699

" 1.1497 0.7649 1.0022 1.0602

1.1577 0.7707 1.0219 1.0607

1,1384 0.7694 0.9660 1.0734

1.1954 0.6994 0.8288 1.1832

. 1.2032 0.6997 0.8567 1.1948

1.1838 0.7136 0.8347 1.1950

& 1.2225 0.6936 0.8507 1.1854
! 1.0072 0.7893 0.9755 1.0178
3 1.0012 0.7998 0.9991 1.0275

‘ 1.0012 0.7955 0.9728 1.0200
| | 1.0072 0.7916 0.9744 1.0239
E 1.0869 0.8018 0.9222 | 1.0430

£ 5 1.0718 0.8024 0.9082 1.0503

i 1.0798 0.8076 0.9136 1.0549
1.0575 0.8116 0.8997 1.0409
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TABLE 70, MEAN X-RAY INTENSITY RATIOS FOR UNCUREQ PBAA
PROPELLANT ANALYSES (VARIABLE CONCENTRATIONS AND
PARTICLE SIZES)

Ferric Ammonium PBAA
Oxide Perchlorate | Polymer Aluninum
Batch Rl Ry RJ Ré

1 1.1240 0.8980 0.8219 0.9906
2 0.9415 0.8064 0.9026 1.1127
3 1.0044 0.8134 0.9368 1.0127
4 1.1628 0.9153 0.9859 0.8953
5 0.9178 0.8844 0.8047 0.9818
6 1.1504 0.7699 0.9998 1.0660
7 1.2012 0.7016 0.8427 1.1896
B 1.0042 0.7940 0.9804 1.G223
9 1.0740 0.8058 0.9109 1.0473

B. High Rate Propellant Results

The composltlons of the callbratlon batches for Exper-
iment 3 of the hlgh-rate propellant analyses are glven ln Table 79,
Thes : composltlons in combination wlth those ln Tables 40 and 41 form
a complete central composite deslgn with four varlables. The fourth
variable ls the percentage of 0.5-um ammonium perchlorat¢ in the
propellant.

The mean X-ray lntensfty for each of the three lngredivnts, calcu-
lated from duplicate sample determlnations, 1s glven in Table B80. All
samples were analyzed uslng the instrumental condltlons shown in
Table 42.

A complete quadratlc polynomial model, as shown in Tahle 81, was
fitted to the data. The model glves a good flt to the data for each
of the three ingredlents, but 1t cannot be inverted ln a stralghtfor-
ward manner for estlmating ingredlent percentages and particle slzes.
A polynomial model was used for thls experiment because of the rela-
tlvely wide ingredient concentratlon and particle slze ranges used.

A linear model would not be an accurate representatlon of the true
curvlllnear relatlonships lnvolved.
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TABLE 71, MULTIPLE REGRESSION DATA FOR UNCURED PBAA

PROPELLANT ANALYSES (VARIABLE CONCENTRATIONS
AND PARTICLE SIZES)
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TABLE 72. BEST SETS OF MULTIPLE REGRESSION DATA FOR UNCURED PBAA
PROPELLANT ANALYSES (VARIABLE CONCENTRATIONS AND PARTICLE SIZE)
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e
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TABLE 74. X-RAY INTENSITY RATIOS FOR CURED PBAA PROPELLANT

ANALYSES (VARIABLE CONCENTRATIONS AND PARTICLE S1ZES)

Ferric Ammonium PBAA

Batch Oxide Perchlorate Polymer Aluminum
1.1277 0.9819 0.7333 1.0989
1 1.1119 0.9874 0.7366 1.0846
1.1076 0.9839 0.7400 1.0760
1.1043 0,9853 0.71359 1.0615
0,9615 0,9249 0.8224 1.2352
2 0.9562 0.9714 0.81137 1,2210
0.91351 0.9446 0.8012 1.1913
0.9370 0.9366 C.8025 1.2072
0.9750 0.9577 0.7858 1.1722
3 0.9814 0.9648 0.7834 1.1499
0.9916 0.9568 0.797¢ 1.1529
0.9659 0.9620 0.7861 1.1426
1.1647 0.9511 0.8845 1.0853
4 1.1689 0.94B0 0.8813 1.0910
1.1506 0.9493 0.8918 1.0838
L.1524 0.9468 0.8914 1.0852
0.9000 0.9572 0.7117 1.2052
5 G.B949 0.9572 0.7202 1.1959
0.9097 0.9633 0.7024 1.1818
0.8995 0,9686 0.6987 1.1607
1.0913 0.9374 0.8327 1.1864
6 1.0907 0.9313 0.8405 1.2016
1.0894 0.9363 0.8188 1.20138
1.0936 0.9431 0.8126 1.1773
1.1469 0.9246 0.6984 1.3055
7 1.16213 0.9163 0.7134 1.3025
1.1534 0.93G% 0.7086 1.3030
1,1534 0.92137 0.7032 1.2864
0.9726 0.9360 0.8457 1.0974
8 0.9776 0.9348 0.8484 1.0953
0.9760 0.9343) 0.8409 1.1207
0.9676 0.9398 0.8318 1.0977
1,0511 0.9457 0.7764 1.1744
9 1.0541 0.9407 0.7918 1.1842
1.0414 0,949) 0.7720 1.1618
1.0434 0.9551 0.7772 1.1460
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TABLE 75. MEAN X-RAY INTENSITY RATIOS FOR CURED PBAA PROPELLANT
ANALYSES (VARIABLE CONCENTRATIONS AND PARTICLE SIZES)

Ferric Ammon {um PBAA
Oxide Perchlorate Polymer Aluminum
Batch | |1 " &5 %

1 1.1129 0.9846 0.7364 1.0802
2 0.9474 0.9344 0.8100 1.2137
3 0.9785 0.9603 0.7883 1.1544
4 1.1592 0.9488 0.8872 1.0861
5 0.9010 0.9616 0.7082 1.1859
6 1.0912 0.9370 0.8262 1.1923
7 1.1540 0.9238 0.7059 1.2994
8 0.9734 0.9362 0.8417 1.1003
9 1.0475 0.9477 0.7794 1.1666

VIl. PRECISION AND ACCURACY

Precision data for low-rate PBAA propellant analyses were
given in the analysis of variance Tables 28, 36, 73, and 78. To
optimize the precision of the procedure for a particular application,
however, the analyst needs to assess the magnitudes of the various
sources of error, The methodology for resolving the error variances
with specific applications to the uncured and cured PBAA propellant
analyses reported here is detailed in Appendix A. Possible sources of
error based on the experimental procedure described in Section II are
as follows:

a) Counting error,

b) Sampling error for replicate samples.

¢) Error between pairs (or groups) of samples analyzed
art different times.

d) Error associated with the reference standard measurement
and determination of X-ray intensity ratios.

e) Instrumental, mechanical, and electronic variations.
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TABLE 76. MULTTPLE REGRESSION DATA FOR CURED PBAA PROPELLANT
ANALYSES (VARIABLE CONCENTRATIONS AND PARTICLE SIZES)
= + | X + X + L X + W, +
T TR I T I LI E L S TR LI T I YA
Coel fivient g g )
Ingredient Lovel Coeflivient b 1 o K"
Poreiv hl() 4,.72240 0.0t09% | 0.996R5
ax [de
]1” 1.76250 0.08724 2(1. 20288
l)l , -0.04725 0. 05905 -0. 80016
]»H (035 0.06106 -(3.577113
b, | =(}. 03470 0.06121% -0.8913135
h, =0, 00188 U, 000873 -2.26506
]s'h 0.08079 U.00042 1.88095%
Ammonium ]1,0 -0.85%35] 001112 | 0.908713
PFercliforate -
h"l 0.02143 (},OR875 (.41 40
b, 0.02172 0.06007 0. 16157
b, , 0.00967 0. 06212 0.15%¢e6
b, 0, (0941 0.062.29 0.15%09
"-', 0.00177 0, 00085 2.03509
h m NI IAT 0.00042 -0.95238
PHRAN h"] ~0. 74645 0, 00750 00,9964 1
Polvmer
b” 0,032y 0.u%907 1, 348131%
hi' O.U12 30 0.05998 . 10765
h” 0.07091 0,041 44 P.71528
h!& -3, 00759 D, 04146 =ik bd b
l)” -0, 078 O, 0006 Bl P LS
hlh BNV 0, 00028 =5, 14289
Aluminum h,” 6, 31160 (.00%5] U, 49897
“w
h,l -, 01612 0, 0354y S 79U
4
b, 0. 0h26] o026 | -rsi0ne
LI
b, , -, 06815 1, 0511 =2, 70504
+
".:. 0.006 15 3}0524 0,251 18
h,r] 0. O041 5 (LTI REA =32, USHE
h.’.ﬁ 0, a9s (. 017 G, 76470
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TABLE 77. BEST SETS OF MULTIPLE REGRESSION DATA FOR CURED PBAA
PROPELLANT ANALYSES (VARIABLE CONCENTRATIONS AND PARTICLE

SIZES)
S : i+
hi hi]xl + hizhz hijx] + hlaxa + hl5N2 + hiﬁw&

. Coefficioent ) o g g 2
Ingredient Luevel Cocfiicient b t It R
Ferrie hm 1. 36970 0, 00980 0.99596
Uxnide

hll 1.78820 0.067734 26.55479
hl' -0.017426 0.00375 -3.53600
h]b =0,01950 0.00489 -3.98773
b]5 ~0.00206 0. 0006Y -2.985%0
hlh 0.00070 0. 00015 200000
Ammarn jum b“O 0.08 3842 000715 0.90569
Perchliorate -
b, 0.01227 0,00213 5,76056A
b,5 0.00178 0. 00051 349019
h“h -0.000137 0. 00025 -1 .48000
PRAA hlU 0.47804 0.00562 0.9954¢
Polyvmer
b . 0. 05818 0,00222 26,20720
b!& -(1.02011} {(0n223 -9.11659
b 35 -0, 00072 (1, 0N04LO =1.80000
h}b =0, DO140 ., 0000 -7.00000
Aluminum b'O 6,901 30 [T IR R BEA (0,94874
Rl
h_,‘J -0.06469 0.,00112 =52.01747
b, =0.07439 000171 =% 3.5029)
-
b, " =0,00412 0, 0002, -17/.16bbb
-
h, b 0., 000499 0.0001L2 8. 25000
-
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TABLE 79. RESIDUAL COMPOSITIONS* FOR DETERMINING COMBINED
INGREDIENT PARTICLE SIZES AND CONCENTRATIONS IN HIGH-
RATE HTPB PROPELIANT (WEIGHT %, EXPERIMENT-3)

35-pm Ballistic Ammonium
Aluminum Modifier Perchlorate#**
Batch xl x2 X3
1 14.00 8.00 70.65
2 14,00 8.00 70.65
3 14,00 8.00 70.65
4 14,00 4.40 70.65
5 14,00 11.60 70,65
6 11.60 8.00 70.65
7 16.40 8.00 70.65
8 14.00 8.00 67.05
9 14.00 8.00 72.25
10 14.00 8.00 70.65
11 14,00 8,00 70.65

*These compositions and those in Tables 40 and 41
form a central composite experimental design.
The fourth independent variable (XA) is weight X
0,.5-pa ammonium perchlorate,

**Bimodal blend of 60%Z - 0.5-ym and 40 - 90-um
ammonium perchlorate.

NOTE: Remainder of propellant is HTPB binder.
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TABLE 80. MEAN X-RAY INTENSITY RATIOS FOR UNCURED HIGH RATE
HTPB PROPELLANT ANALYSES (EXPERIMENT-3)

Ballistic Ammonium
Aluminum Modifler Perchlorate
Batch R1 RZ R3
1 0.187 1.425 0.784
2 0.179 1,417 0.779
3 0.193 1.412 0.795
3 0.211 0.804 .830
5 0.191 2.272 0.767
6 0.162 1.448 0.799
7 0.202 1.491 0.763
8 0.278 1.502 0.733
9 0.170 1.446 0.804
10 0.544 1.858 0.658
11 0.144 1.242 0.815

The theoretical counting error for an Individual emission line
peak intensity measurement is fixed by the total number of counts
collected. A tabulation of theoretical counting errors for various
fixed counts ls given in Table 82, Thus, the analyst can control the
counting error. The resolution of the counting error from the other
sources of error In these experiments is not straightforward, as shown
in Appendix A, because of the manner in which the reference standard
and propellan: samples were analyzed. The measurement scheme that will
be used and the counting error that can be tclerated will depend on
the relative magnitudes of the counting error and other sources of
error as well as the amount of time that can be allotted to the
measurement.

Although a detailed discussion of the various sources of error for
FBAA propellant analysis is given in Appendix A, it i{s worthwhile to
compare just the sampling errors for low- and high-rate propellant
analyses as shown in Table 83, The sampling errors in Table 83 are the
estimated relative standard deviations for individual sample analyses.
The sampling error includes the counting error, propellant 'nhomogeneity,
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TABLE 82. X-RAY COUNTING STATISTICS-RELATIVE
STANDARD DEYIATION, 100/v/n

95% 997
No. of Confidence Confidence
Counts (n) g Limit Limit Jo
100 10.0 19.6 25.8 30.0
200 7.07 13.9 18.2 21.2
500 4,47 8.76 11.5 13.4
1000 3.16 6.19 8.15 9.48
2000 2.24 4,39 5.78 6.72
5000 1.41 2,76 3.64 4.23
10,000 1.00 1.96 2.58 3.00
20,000 0.707 1.39 1.82 2.12
50,000 0.447 0.876 1.15 1.34
100,000 0.316 0.619 0.815 0.948
200,000 0,224 0.439 0,578 0.672
500,200 0.141 0.276 0. 364 0,423
1,000,000 0.100 0.196 0,258 0. 300
2,000,000 0.0707 0.139 0.182 0.212
5,000,000 0.0447 0.0876 0.115 0.134
10,000,000 0.0316 0.0619 0.0815 V.0948

effecte, and error caused by echort-term instrumental variations. The
error associated with measurement of the reference standard is not
included. The counting error in the table is the theoretical value
from Table 82,

Except for the determination of PBAA polymer in cured propellant,
the sampling errors for all ingredients in the low-rate propellant are
less than 1Z. This shows that the propellant was very homogeneously
uixed and that the sample preparation procedure used provided for very
repeatable sample analyses. The repeatability of ammonium perchlorate
and aluminum determinations was not as good for two ultrahigh burning
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rate propellants tested. This Is attributed to the ultrafine ammonium
perchlorate agglomeration problem that was discussed in Section IL.EB.
However, the ammonium perchlorate sampling error for high«rate HTPB
propeilant is very small., 1In fact, it {s significantly better than that
for the low-rate propellant. This excellent repeatability for ammonium
rerchlorate determinations is typical for high- and ultrahigh-rate
propellants made with current improved processes. The sampling errors
for aluminum determinations in high- and ultrahigh-rate propellants, on
the other hand, are typlcally In the range of 4% to 5%. Because this is
for a single aluminum determination, the precision for analysis of

a particular propellant batch can be substantially improved by making
several sample replications and averaging the results. The lower pre-
cisfon for high-rate propellant aluminum determinatinns is due to the
high sensitivity of AlK“ radlation to tue Inhomogeneous ammonium per-
chlorate agglomerates.

The true accuracy of the X-ray fluorescence method was not directly
evaluated by analyzing primary propellant standards. Nevertheless, based
on extensive experlence with the calibration procedure used, which rro-
vides an accurate representation of the true intensity-concentration
relationships, and the residual errors obtalined (Tables 25, 38, 57, and
64), it 1s expected that low-rate propellant ingrcdients can be deter-
mined with a relative accuracy of 1% or better. The accuracy of high-
rite propellant determinations will be somewhat less, particularly for
aluminum, because of the ultrafine ammonlium percnlorate agglomeration
problem.

Application of the recommended Y¥-ray fluorescence analysis method
to a speelfic propellant, as for example in production, will result in
the estimation of Ingredient percentages using an expression such as
Equation (9). The estimated percentages will differ from the actual
{(nominal) percentages because of the experimental error of the method.
Consequentiy, the analyst must determine whether there is a high
probauvility that the e¢stimated ingredient percentages could have been
generated from a propellant formulation having the nominal or expected
composition. This determination can be made by placing joint confidence
interval estimates on the actual [ngredient percentages {(concentrations).
The methodology for doing this is developed and illustrated for uncured
PBAA propellant analyses in Appendix B.

Vill. CONCLUSIONS

The X-ray fluorescence spectrometrie method described in this
report has been demunstrated to bde an excellent procedure for monitoring
and determining the compositions of solid composite propellants. The
recommended method is nondestructive, rapid, and capable of a high degree
of precision and accurscy. Typically, the compasition of a cumposite
propellant batch can be determined within 15 tc 30 min, thus enabling
substandard batches either to be discarded or corrieted prior to casting
into motors. The method applies equally well to eured and uncured
propellant samples,
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The X-ray fluorescence method is unique in its ability to determine
ingredient percentages and in-situ particle sizes as well as combina-
tions of these parameters. The estimated relative standard deviation
for the determination of ingredients in low-rate propellants and
ammonium perchlorate in high-rate proupellants is 1% or less, The
vstimated relative standard deviation for determining aluminum in
high-rate propellants is larger (4% to 52) because of problems caused by
ultrafine ammonium perchlorate agglomeration. The ability of the method
to detect and quantify the ultrafine ammonium perchlorate agglomeration
is avery vajuable feature for high burning rate propellant applications.
Because of the infiuence of ultrafine ammonium perchlorate agglomeration on
propellant properties, this capabiiity for agglomeration analysis alone
justifies the application of the method tohigh-rate prepellant manufacture.
With four to six sampie replications, the accuracy for determining all
ingredient percentages is of the order of 1% to 2% relative or better.

The X-ray fluorescence method does have some practical limitations
with respect to propellant :nalysis, It is an elemental emission method
capable of detecting, from a practicai standpoint, elements of atomic
No. 12 (magnesium) and higher. Therefore, organic propellant ingredients
such as hydroxyl-terminated polymers, plasticizers, and some ballistic
modifiers cannot be detected, Consequently, a complete analysis requires
that these ingredients be determined by an alternative procedure. It
shouid be emphasized, however, that a substandard propellant composition
can be detected by the X-ray method if the percentage of a detectable
element changes, even if the change is caused by an error in the per-
centage of a nondetectable ingredient.

IX. RECOMMENDED IMPLEMENTATION

The X-ray fluorescence method described here has potential
appiication to all types of solid composite propellants used in Army
missile systems, The method is ideal for application to propei:.nt
production because of its speed, preclsion, and nondestructive nature,
VIPER propellant, which is in engineeriag development, is an exceilent
candidate at this time, because of the anticipated large production
rate and the high propellant cost. The method has been recommended to
the VIPER Project Office, Their personnel have been apprised of {ts
salient features. The method should also be considered for appiication
to the propeliant manufacturing processes for the PATRIOT and PERSHING
missile systems,

This MTT project should logically progress to a Manufacturing
Methods and Technology (MM&T) project to demonstrate specific applica-
tion of the developed test method to a propellant manufacturing process.
The MM&T project would perhaps best be conducted by the appropriate
missile system propulsion subcontractor. Such a project should include
the purchase, installation, and demonstration of automated, computer
controlled instrusentation that wouid be more suitahle for a production
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application than the manual instrumentation used in this MTT project.
The necessary czutomated instrumentation is commercially available at
a cost of approximately $100,000.

Finally, the X-ray fluorescence test procedure will be prepared in
the priper format and submitted for possihle inclusion in MIL-STD-286B
as a tentative method., MIL-STD-286B currently contains no test methods
for finished composite propellants.




Appendix A. RESOLUTION OF ERROR VARIANCES

Scction IV clearly outlined that the experimental technique involved
taking two pairs of observations at each concentration (batch) of the
mixture for hoth uncured and cured PBAA propellant samples, one pair
from the first sample and another pair from the second sample. An
important point is that within a sample, the measurement in seconds on
the reference standard is taken only cnce. Hence the numerator of
both ratios will be the same., However, the reference standard is
measured again for the observations of the second sample. The intensity
data in seconds were given in Table 17. The four ratios for the uncured
samples from which the average ratios in Tahle 19 were calculated are
shown in Tahle 18, The first number in each block in Table 17 is the
reading in seconds for the reference standard and the next two the
readings for the unknown in question, all for the first sample from that
batch. Directly below the first sample measurement are three similar measure-
ments for ti.e second sample fromthe same batch. Tables 29 and 30 give the sec-
onds and intensity ratios, respectively, for the cured samples. The number
of counts varied fromingredient to ingredient, These are shownin Table 16.

It 1s of interest to the experimenter to know the relative orders
of magnitude of the different sources of variance in the experiment.
It is expected that the different batches would cause the greatest
variation because the concentrations are changing across batches. The
other sources are the sample to sample variation and within-sample
variation. Theoretically, the latter consists of two components:
(1) variance due to the counting error, and (2) propellant inhomogeneity
and other errors — electronic, ¢te. These error variances shall be

2
cailed as 9. and UE, respectively.
1. Count ing Error

The number of radiation counts used in an experiment will be
called n. It is generaily assumed that the probahility model describing
the numher of counts produced by the counting device in time t is the
Poisson distrihution [25] with probability function

plx) = ———— (x =~ 0,i,2,...) (A-1)

where ) is the counting rate in counts per unit time. Parrish [26] in
reviewing the general problem of counting error says "Two measurements
of a constant intensity in which counting is performed during equal
times t, will not in general yield the same number n of counts, owing
to a random distribution." He mentions approximating this with a
Gaussian distribution with mean N and standard devliation o = ¥R, where
N is an average of the number of counts in time t obtained from a iarge
number of experiments. This corresponds to the normal approximation

to the Poisson distrihution for the number of counts in a given time t
for the fixed time procedv . The procedure used hure is the fixed
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count procedure. The measurement used here is the ratio of the time
ts that it takes any n, counts to be taken on the standard to tu’ the

time that it takes for n, counts to be made on the component of unknown

concentration. Thus, if the counting variance ics to be separated from
the other variations in the experiment, the variance of this ratio is
required.

Either the numerator or denominator of that ratio, i.e,, the time
t for n counts is considered. If the number of counts in time t follows

the Poisson law as given by Equation (A-1), and if x denotes the random
variable representiny the time to the nth count, then

pr(x <0) =0 (A-2)

and
® ke~At
= (At)
Pr(o <X<t)s= zz TR . (A-3)
=n

The first follows because this time cannot be negative., The second
equation merely says that the probability of getting n or more counts
in time t 1s the probability of requiring t or less time for n counts.
Thus, Equations {(A-2) and (A-3) describe the distribution function for
this random variable X. Equations (A-2) and (A-3) can then be differ-
entiated with respect to t in order to obtaln the probability density
function.

a {1t}k =it _ =it (At)k'l-A _ At (At)k-A
it ki ® € (k=1)" € k!
k=n k=n k=n
-1 =it
e e
p(t) = Ty . (A-4)

This describes the well-kncwn Gamma density function with parameters

n-1 and 1/A. Thus the waiting time for n counts is a Gamma distribution,
The distribution of tllt2 is required where t, and t, are both Gamma
variables,

At the outset, it will be assumed that the measurements involve
different counting rates Al snd Az snd different numbers of counts

n1 and nz. Thus,
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n n,-1 =it

Al l(tl) 1 o 11
p(tl) = F("l) — (t1 > 0; "l'kl > 0)
n n,-1 =it
Az Z(tz) 2 o 272
plt,) = Mo, (t, > 05 ny,h, > 0)

1f the independence of ty and t, is assumed,

\ “1A M n-1 n
1 2 t

Pt aty) = (a7 (n,)

2-1 -(Altl+A2t

1 t2 e

5)

Letting u = tlft

the required ratio and z = t,, the following is
2
obtained:

2!

a(tl.tz)
P(u,z) = p(tl,tz) S . (A=5)

After evaluating the Jacoblan and simplifying, Equatfon (A-%) becomes

n.-1 n4+n_ -1 =-(rz u + A,z)
plu,z) = C u 1 z 172 e 2 (A-6)

where
il n
1
)\ )\
c o Hum? m

FTHE)F(nZ)

2

The density function for u is required, so {f z is Integrated out, the
following is obtained

o3

nl-l f znl-i-nz-le-()\lzuH\ZZ)

p(u) = Cu dz
0
1t n, n,-1
vl %l ot + o0
N 1 2 ‘A-7)
n +n2 ’ (

Fin T, (s + 4)) 1




The moments of thils distribution can then be found in the usual way.
The mean is as follows:

t A ny

b R
t2 Al n2 -1

E{u) = E

If ny and n, are both large, this quantity reduces to Azlkl, the ratio

of the counting rates. To cobtain the variance of this ratio, first the
crude second moment must be found:

@ n,+1
E(uz) =K du
0 (Alu + Az)

where

E(u®) = K w du
. 0. +n

0 llu 172 n1+n2
1 +-i—— (12)

2

If Alu/A2 = X, then the preceding integral becomes

n,+2

1 ® n,+i
2 K A x !
E{u®) = — o ;;— T — e dx . (A-8)

(Az) 121\ 0 (1 +X) 172

After integrating and simpiifying, Equation (A-8) becomes

2
b\ (n1 + l)n1

- 1)(n2 - 2) '

E(uz) -

2 (n
i

A 2




For the varlance of u the following is obtained:

sl B@) - P
207 2
X
't _"_{"l + l}n1 ) ,,{25..-.
= = =
2 {n2 IHn2 2) b, o 112
1 L 2
[, - D@, + D@ - nl, - 2)
_ 2|y " o, " igtng - 9
2 2
Al i (n2 - 1) (n2 - 2)
A2 [ntn, - 1) +
e T T &
._—-'-i 2 A - (A_g)
ll _(nz - 1) (n2 -2)
If nl = n2 =n, l.e., if the same number of counts is used for the

standard as for the unknown, and if it is further assumed that n is
large, Equation (A-9) will reduce to

A2
2«.-...?.(3
TR Az ﬂ) . (A-10)
1

Equations (A-9) and (A-10) give the variance of the rativ tl/t2 under

the conditions specified. It is Interesting to note from Equation (A-9)
that {f the experimenter is willing to allow ny ¥ Ny he can reduce the
variance by making n, »'nl. Thus it appears that in terms of counting
precisfon {t {s best tc use a larger number of counts on the component
of unknown concentration, rather that splitting up a large number of
county equally among the standard and unknown. For example, {f

n, = n, = 13,000 s used, 02 lg/li 0.0002; wheveas if n1 = 1000 and

1

n, = 20,000 is used, 02u = A

NNC

/Af 0.0000025,
2. l.inear Model
It was necessary to arrive at a method of using the data in
Tables 17, 18, 29, and 30, along with the thecretical information obtained

in this appendix on the counting variance to make an overall evaluation
of the error variances, If it is assumed that the ratio data (for the
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cured and uncured propellant samples) for the Kth ingredient follows
the model

(k) (k) (k) (k) (k) (k)
= +
xijl u + Bi Sj(i) + Cijl + Eijl
where
Bik) = batch effect, with variance Ug(k)
S§%1) = effect of the sample within batches with variance cz(k)
C(k) = counting error with variance oz(k)
1jl c
Eiki = within sample error nmot including counting error, e.g.,
] inhomogeneity and sample Instrumental error, with variance
2(k)
g .
€

It is particularly important to determine what portion of the within-
sample variation is due to counting variance and what portion is due
to the remaining errors becausc the experimenter can control the
counting variance, The ratio data in Tables 18 and 30 were analyzed
as a hierarchial [27] (subsampling) classification not in order to
make any particular tests but to estimate the variance components.
Tables A-1l and A-2 show the mean squares for the uncured and the cured
propellant data, respectively.

Certain linear combinations of the mean squares are unbilased
estimates of the variance components. It 1s reasonably easy to show
that the following expressions represent the expected mean squares.
The k superscript will be dropped at this stage.

2 2
E(MSE) = Ue + o, (HSE Ils error mean square)

2 2 2
E(MS o + Uc + 203 (HSB(A) is mean square samples

within batches)

B(a)) "

2 2 2 2
E(MSA) = oE + oC + 20s + 4o

8 (MSA is mean squares batches) .,
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TABLE A-1. VARIANCE ANALYSIS* FOR UNCURED PBAA PROPELLANT

[4VSource DF SS MS

Ferric Oxide

Batch 11 0.40205711 0.03655064
Samples | 12 | 0.00196559 | 0.00016371
Error 24 | 0.00141607 | 0.00005900

Ammonium Perchlorate

Batch 11 | 0.05074630 | 0.00461330
Samples | 12 | 0.00112890 | 0.00009407
Error 24 | 0.00108068 | 0.00004502

PBAA Pelvmer

Batch 11 | 0.17277193 | 0.01579744
Samples | 12 | 0.00099994 | 0.00008332
Error 24 0.00095275 0.00003969

Aluminum
Batch 11 0.12441220 | 0.01131020
Samples 12 0.00159362 0.00013280
Error 24 0.00196859 | 0.00008202

*This is a nested analysis in which
"samples'" are actually "samples within
bat.:hes" and error represents the
i variation "between observations within
samples,”" and batches.

DF = Degrees-of-freedom

SS = Sum of squares
MS = Mean square

Therefore, the estimates are given by the following:

MS,. estimates o? + 02
E £ c

\ HSB(A) - MSE

egtimates 02
2 s

MS, - MS

A BgA) 2
A estimates OB

. (A-11)




TABLE A-2. VARIANCE ANALYS1S* FOR CURED PBAA PROPELLANT SAMPLES

Source DF SS MS

Ferric Oxide

Batch 9 | 0.32633644 | 0.03629200
Samplies 10 | 0.00187111 | 0.00018011
trror 20 | 0.00147753 | 0.00007388

Armonium Perchlorate

Batch 9 | 0.01225774 | 0.00136197
Samples 10 | 0.00050185 | 0.00005018
Error 20 | 0.00068033 | 0,00003401
PBAA Polymer
Batch 9 | 0.1336228]1 | 0.01484697
Samples 10 | 0.00194809 | 0.00019480
Error 20 | 0.00196067 | 0.00009803
Aluminum
Batch 9 | 0,12455100 | 0.01383900
Samples 10 | 0.00189946 | 0,00018994
Error 20 | 0.00138341 | 0.00006917

*Thi{s Is a nested analysis in which "samples"
are actually "samples within batches" and
error represents the variation "between
observations within samples', and batches.

DF = Degrees of freedom
$S = Sum of squares
MS = Mean square

The results In Tables A-1 and A-2 can then be used to arrive at estimates
of these variance componenis for each of the Ingredients for both the
uncured and cured propellant. However, an elaboration must be made

concerning 03. the actual theoretical counting varlance. Using

~t

Equation (A-10), dc can be computed beecause In all cases n1 =n,=n

-

with a being greater than 20,000, HSE represents the within-sample

varlatfon in the data, [.e., the variation between two replicates within
a sample. However, it was emphasized earlier that within a sample the
same measurement on the reference standard was used in the numerator

142

—— ; s a3 e e ———




of hoth ratios. Therefore, while the theoretical counting variance
derived in Paragraph 1 is the true one, it is not the one which is
being estimated by MSE because the latter does not take into account

counting error associated with the standard. Thus, to be able to
\ , 2(k
isolate an estimate of TL( ), an alteration in the counting variance

must he made to account for the experimental procedure used here.

The variable v = 1/t2 is considered where t., follows a Gamma distri-

2
) bution. The distribution, mean, and variance of this random variable
! will be found. For expedience the n, and AZ notation will not be used

as before. Instead, the usual notation for a Gamma density, namely.
, parameters u and £ will be used. Therefore, a = n, - 1 and 1/}\2 = .
It follows that

= —t2/8
t, e

plt,) =-
2 Fatl) pt!

A

1 E-IIUr

P SR, L B
:.{1+”=__J.+I

4
|
Ty . (A-12)

¥
The value of the Jacobian s 1/v™. Thus g(v) can be simplified to

The first two moments of this distrihution will now he found:

3 a=1 -1/ v
E(V} = \—’-——-- +i_ dV
5 r(at1)e®

o

1 (HV)-u-le-l/Hv ;
= +1 wa=1 v *
r(a+1)s" 8 B

‘ 1If z = 1/8v, then the preceding expression hecomes

i

i : 1 -1 -z T(a) 1
E(v) = l'(u+1)8f z e dz = UNE " e
0
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K,

-a -IIBV

i

2
E{v™)
Tasl) s““

dv . (A-13)

I'(at1) 8" ol

f "
4}
f (Bv IIBV
0}

As before, z = 1/Bv. Equation {(A-13) then becomes

oa

N 1 a -z f 1
EQv7) = i‘(u+l)8f K ( BZZ)dz

0

"(a-1) = 1
i‘(.x+1)ﬁ2 Bza(ﬂ-l)

2y = E(v) - (B = —.——él (A-14)

6211 {(u-1)

Substituting n, = a + 1 and lz = 1/8 into Equation (A-14) the following
is obtained

A2
2y - 2 (A-15)
(n2 -1} (n, - 2)
2
5 ig (A-16)
3
n

for the case where n, = n and n Is large. Equatlon (A-16) gives an

expresston for the variance of l/cz. Actually Vﬂr(tlltz) is needed

where t, I[s considered to be a constant; Vnr(tllt,) = ti(lgln Y. On

1
the average for nl =0, = n, it is expected that tl = n/Al. Thus, an
approximation to the required variance 1s:
AZ
t . b
Var u! "(3) (-3-) Tyt . (A-17)
t 2] \n v
2 Al

It must be emphasized here that this is not the counting varlance. The
latter was given earlier in Paragraph 1. This is, however, the variance
which is estimated by HSE in these experiments.
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3. Estimation of Variance Components

The expressions in Equation {A-11) were used to compute the
batch and sample variance components. Equation (A-10) was used to
2
compute the true counting variance :; and Equation (A-17) was used to
| 2
¥

v "

t

2 2 A
compute o v? a° was computed hy MhF -
[ -

The occurrence of 32 and AI in the formulae for the variance

presents a hit of a prohlem. Strictly speaking, these 2's are not a
qualitative function of the ingredient hut a quantitative cne. That
is, the A's depend on the coneentration of each ingredient. The 1's
were estimated for a particular ingredient by taking the counting rate

for that ingredient averaged over all the data. The ll's were found

in the same way. Table A-3 gives the estimated variance components for

each ingredient for the cured and uncured propellants. Also included
¥
is o;. the true counting variance.

“7
As expected, 1; is always large. The estimate of within-sample
variance (excluding counting) Gf is approximately the same for each

component for both uncured and cured propellant with the exception of
PBAA polymer in the uncured propellant where this varlanee seems to be

-}
exceptionally small, Otherwise the order of magnitude of ﬂ; seems to

be in the vicinity of 3,7 x 10_5. In comparing this variance with the
theoretical counting variance (which is the proper comparison to make,

i.e,, 5? should be compared with 15), it is noted that for n in the

range of 20,009 to 50,000 cf and :i scem to he ahout the same order of
magnitude. That is, for n in this range the within-sample variance is

approximately 507 due to counting and 507 due to other errors. An
2
increase from 50,000 to 500,000 decreases u; hy a factor of 10. As

previously mentioned, it is expuected that the counting variance is hect
reduced, not by increasing the total number of counts but by taking
more counts on the unknown and fewer on the standard. It must he
cmphasized though that tlwe overall variance withln samples is small

and it is doubtful that reassigning nl and n, would reduece the overall
variance within samples, l.e., 63 + oz by more than a factor of two,

Of course it is assumed that all of this reductlon {8 accounted for by

2
the decrease of dc.
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Appendix B. CONFIDENCE INTERVAL ESTIMATE OF CONCENTRATION:
EVALUATION OF PROPELLANT PRODUCTION

The purpose of this appendix is to deveilop and illustrate a method
for determining how well the point estimates described in Section IV
estimate the concentrations. The obvious way of attempting thi type
of determination is via the route of joint confidence interval estimates
on the actual concentrations. There are certain nominal concentrations
that the production process will attempt to attain. It remains then to
determine if there is strong reason (i.e., high probability) to believe
that the intensity ratios from the samplc or the estimates of the con=-
centrations from Equations (15) could have been generated from mixtures
with the nominal concentrations. This procedure represents a '"go'" or
"no go" type of situation, i.e., based on the confidence intervals, it
is concluded that the true concentrations either are or are not what
they are supposed to be, The underlying theory on which these confi-
dence intervals are based is found in the following paragraphs. The
theory and development is general. The application was made here only
to uncured PBAA propeliant samples where ingredient particle sizes were
held constant.

Box and Hunter [28 ] discuss the problem of finding joint confidence
interval estimates on the solution of a set of simultaneous equations
when the coefficients are subject to error, Their work was actually
part of a more speciiic problem of finding a confidence region for a
stationary point in response surface analysis. However, the theory
can be applied to the problem discussed here hecause the estimates of
the concentrations are found by soilving a set of simultaneous
regression equations,

It is supposed that there are m s{muitaneous equations of the
type:
m
= = cond B-1
z bijxj 0 (L = 1,2, m) ( )
i=0
where the b, , are subject to error, The quantities

1}
m

z biyfy = 8y (1 =1,2,...,m) (B-2)
=0

are considered where the £ are the values of the X's that wouid satisfy
Equation (B-1) if the actual regression cocfficients were used in place
of the bij' For this work, the £'s represent the actual concentrations;

thus Equation (B-2) is




where

4

S .
Ri hiO Z bijgj
i=1
Then it is desirable to attach joint confidence intervals on gl,
E2) EBD and Ea'

If a vector of the &8's is considered, say 6, as having a multi-
variate normal distribution with mean vector o and variance-covariance

- 7
matrix E(§ §') =V, then &' V 1 & follows a ¥“ distribution with m
degrees-of-freedom {m = 4 in this case). The remarks made here rely
on the assumption that the sij in Equation (7) follow a normal dis-

tribution with zero mean and some variance 02. For estimates of the
elements of V, the following is obtained:

" Ry = 1 - i -
Var (Ri - Ri) =8 1 + - + z Z Ch1£h€1 =5 H {B-3)
h 1

§

. R Ry = 1 - ror
Cov Ry = Riy Ry =R = s 1+y* z z (’hlgh‘lj
ho1

= g {B-4)

T ’

where Siy is the sample estimate of the error variance and Sk is

the sample estimate of the covariance between the Eij and the ij

(j = 1,2,...,n) in Equation (7). Chl i1s the {hl) element of the

inverse of the matrix of corrected sums of squares and cross products
of the y's for the calibration sample. Replacing V by its estimate,
and dividing by the appropriate degrees-of-freedom, the following ratio
is obtained:

ik
n-8 Z 6161(”
4 H
i k
ik

which 13 distributed as F with 4 and n-8 degrees-of-freedom. Here w

is the (ik) element of the Inverse of the matrix W, the matrix of
residual sum of squares and cross products of the R's from the original
data. The following 18 obtained:

S, = Z byi¥y - z bygby =Ry - Ry (B-5)
] i
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If 61 is replaced in the preceding F statistic by the expression given

in Equation (B-5), the following is obtained:

. . ik
Z 2 Z Z Ky = 650Xy = £9) byyby v
n-8 1T 7% 9

4,n-8 4 H

DY G- & - e a

_n-8 ] 1
=3 H (B-6)

where qjl is the (jl) element of the matrix:

Q-= B wlsg

B is the matrix of regression coefficients for the set of 4 regression
lines. Equation (B-6) represents joint confidence intervals on the
actual concentrations. That is, given values of the estimates xl. xz,

ﬁ3, and X partlcular values of 51, 52, 53, and EA can be substituted

4?
into Equation (B-6) and if the resulting expression is less than

Fu 4 -8 (upper tall point) then the £'s fall inside the 100 (l-u) %

confidence reglon, The N-l and Q matrices for the uncured PBAA
propellant data are:

[ 7214,8162 2554.8459 -3201.5790 3439, 8046
W= 4014,0983 -1714,2325 2122.4663
2679.7650 -1867.4456

L 2825.4942
[ 24274.,424 -15.343 -274,4115 219,582
Q= 2.4899 2,8058 0.7738Y

10.8662 -36781

L 5.3264

_The obvious 7's to conslder are the nominal concentrations. If
the X's are close to the £'s, then this F value in Equation (B-6) will
be close to zero, the nominal values would be covered by, say a 95%
confidence region and hence it would be concluded that the mixture con-
centrations do not deviate from the target values. In case the
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estimates deviate significantly from che target, i.e,, if the F value
is significant, the target 5's fall outside the 957 confidence region
and it is concluded that the mixture composition is not what it should
be. 1t can be gaid that there ig 0.05 prohability that the set of
estimates calculated counld have hesn generated, for which the 95% joint
confidence interval would not cover the true concentrations. Thus,
there is good protection against wrong cvonclusions that the process is
not producing the desired concentrations,

Very often the difficulty with this kind of procedure is that the
width or area covered by the confidence region is very large. That is,
it is often impractical because {t could always be concluded that the
production process is attaining ingredient concentrations that do not
differ significantly from those desired. This means that the sensi-
tivity of the confidence interval method is low, or in terms of hypoth-
vsis testing language, the power (in classifying the concentrations
as not differing from the nominal ones when, in fact, there are differ-
ences) is very low. This problem did not appear in this work. The
confidence regions were narrow and the results have much practical use.

The nominal concentrations of uncured PBAA propellant ingredients
for this example correspond teo the midpoint of the design (Table 15)
and are: El = 0.5, 52 = h8,0, 53 = 13,5, and £4 = 16,0, All of these
are in weight percent. This leaves 2,0% for the remaining binder
components., If a sample is tiken from a batch of propellant of unknown
ingredient concentrations and analyzed for each ingredient and i f Equations
(15) result Iin the estimated concentrations il = 0,5, ﬁz = 68.0,
ﬁj = 14,5, and 26 = 17.0, then substituting into Equation (B-6) yields
an F value of 7.45, The numerator and denominator degrees-of-freedom
are both 4 because n = §2 for the original experlment. The upper 957
point is 6,39, This means that the nominal concentrations are not
covered Ly the 957 confidence region; thus it is concluded that this
analyzed mixture has true concentrations that deviate significantly
from the nominal ones., The estimates did not deviate a great deal
from the £'s; yet the procedure was able to detect the difference,
As another ecxample, if xl = 0.49, X2 = £8.0, x3 = 3.5, and XQ = 15.5,

an F value of 5,02i will result. This value is less than tne 957
peoint; thus it is conciuded that the concentratlions do not deviate a
significant amount from the nominal ones,

It should be noted here that Equatfon (B~6) should contain not
the actual £'s and X's, Lut the corrected £'s and X's, i.e., cach
corrected for the average concentration of that component in the
original calibration mixtures shown in Tabie 15, These averages are:

{1 = 0,494




g
]

Lg% ]

68,26

il 1
|

= 13.37

16.02

Therefore, for the previous exampie, the following should be inserted
into Equation (B-6):

0.49 - 0.494, X

b -
1]

, = 68.0 - 68,26, etc.

0.5 - 0,494, €2 = 68 - 68.26, ectc.

g
]

As mentfoned earlier, the C's in Equatlon (B-6) are the elements
of the Inverse matrix of sum of squares and products using the original
cafibration mixes. This matrix is

34.72988 1.00642 f.13464 0.83355
4,29894 4.89776 4.38275

4,20892 4.29237

4.59324

C

Several charts were prepared which iilustrate the use of this
method for evaluating a propellant mix of unknown ingredient eoncen-
tratfons. Figures B-i through B-7 are given in whieh, for the £'s
held at the nominal values, contours of constant probhablility P were
plotted for variabie values of the X's, the estimates. The contours
represent eonstant (i - a) probablilty corresponding to a confidence
level whose eonfidence region contafns the nominal £'s exactly at .
the houndarv. For example, for a set of estimates il' ﬁz, ia. and Ka.

a value of P of, say, 0.1 means that the nominal £'s are at the
boundary of a 90% confidence region. A good rule of thumb might be
to conslder a probabiilty of 0.95 as being significant, i.e., if

p > 0.05, then the deviation hetween the estimates and the nominai
concentrations [s considered to he significant.
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